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DEVELOPMENT OF AN ACTIVE OPTICS CONCEPT 
U S I N G  A T H I N  DEFORMABLE MIRROR 
By Hugh J. Robertson 
The Perkin-Elmer Corporation, Norwalk, Conno 
SUMMARY 
The l a rge  boos te r  capab i l i t y  deve loped  by the Nat ional  Aeronaut ics  and 
Space Administration has made it p o s s i b l e  t o  p l a c e  l a r g e  a s t r o n o m i c a l  te le-  
s c o p e s  i n  o r b i t  where  they  should  be  ab le  to  per form cons iderably  be t te r  than  
can ground based te lescopes,  which are  l imited by atmospheric  turbulence.  To 
t a k e  f u l l  a d v a n t a g e  of t h e  be t te r  seeing conditioris above the atmosphere re- 
q u i r e s  a t e l e scope  capab le  o f  d i f f r ac t ion - l imi t ed  p-erformance.  The o p t i c a l  
s u r f a c e s  i n  s u c h  a t e l e scope  must be main ta ined  to  very  c lose  to le rances  and  
t h i s  is p a r t i c u l a r l y  d i f f i c u l t  w i t h  t h e  p r i m a r y  m i r r o r  b e c a u s e  o f  i t s  s i z e ,  
if convent iona l  te lescope  cons t ruc t ion  techniques  are  employed. 
As a new approach ,  d i f f e r ing  f rom t r ad i t i ona l  t e l e scope  cons t ruc t ion  
methods, Perkin-Elmer introduced the concept of Act ive Optics  which consis ts  
of  measuring the surface shape,  or  f igure,  of a te lescope pr imary mirror ,  com- 
pu t ing  the  necessa ry  e l ec t ron ic s  con t ro l  s igna l s ,  and  phys ica l ly  a l ign ing  the  
r n l r r o r  t o  i t s  t h e o r e t i c a l  d e s i g n  f i g u r e .  The merit of  the  Act ive  Opt ica l  ap- 
proach is that  system performance is no t  l imi t ed  by u n c e r t a i n t i e s  i n  manufac- 
t u r a b i l i t y  and i n  t h e r m a l  and temporal  dimensional  sfabi l i ty .  
The Active Optics concept was f i r s t  a p p l i e d  t o  t h e  development of a 20- 
inch  mir ror  composed o f  t h ree  segments whose alignment was con t ro l l ed  au to -  
m a t i c a l l y  t o  d i f f r a c t i o n - l i m i t e d  t o l e r a n c e s .  
T h i s  r e p o r t  d e s c r i b e s  the design,  construct ion and tes t  r e s u l t s  of an  
ac t ive  con t ro l  expe r imen t  w i th  a 30 - inch  d i ame te r  t h in  f l ex ib l e  mi r ro r  whose 
s u r f a c e  was a l igned  by s t r a i n i n g  t h e  m i r r o r  w i t h  a n  a r r a y  of a c t u a t o r s  d i s -  
t r i b u t e d  a c r o s s  i t s  back.  Sixty-one points  of  force appl icat ion were u s e d  t o  
provide a test  o f  t he  servo r e s p o n s e  c h a r a c t e r i s t i c s  of a high order ,  mult i -  
l oop  con t ro l  sys t em wi th  the  s t rong  in t e rac t ions  tha t  would be encountered i n  
a ve ry  l a rge  f l ex ib l e  p r imary  mi r ro r .  
The i n i t i a l  f i g u r e  e r r o r  o f  t h e  30-inch mirror, which was g r e a t e r  t h a n  
1/2 wavelength rms, was decreased by ac t ive  a l ignmen t  to  less than 1/50 wave- 
length  rms, which be t t e r s  t he  r equ i r emen t  fo r  d i f f r ac t ion - l imi t ed  pe r fo rmance .  
\ 
OBJECTIVES 
It has now become f e a s i b l e  t o  o r b i t  l a r g e  o p t i c a l  s y s t e m s  f o r  a s t r o n o m i -  
ca l   research .   Large-aper ture   t e lescopes   wi th   d i f f rac t ion- l imi ted   per formance  
a r e  d e s i r e d  t o  p r o v i d e  t h e  o p t i c a l  r e s o l u t i o n  made poss ib l e  in  the  absence  of 
a tmospheric  turbulence.  It w i l l  b e  d i f f i c u l t  t o  o b t a i n  and preserve the close 
to l e rances  r equ i r ed  fo r  d i f f r ac t ion - l imi t ed  pe r fo rmance  of the  la rge  e lements  
' 1  of  such a t e l e scope  i f  these   e lements   a re   cons t ruc ted   and  mounted wi th   t he  
t e c h n i q u e s   t r a d i t i o n a l l y   a p p l i e d  t o  ground-based  telescopes. The Active 
Optics approach makes use  of  recent  deve lopments  in  in te r fe rometr ic  f igure  
sens ing  and  servo-mechanica l  cont ro l  techniques  to  provide  a new technique 
for  ob ta in ing  the  des i red  opt ica l  per formance .  I 
I 
Segmented Act ive Optics  
I The  fundamental  concept  of Active Optics   consis ts   of  measuring  the s u r -  
i 
1 
face shape (or  f igure)  of  a telescope primary mirror,  computing the neces- 
s a r y  e l e c t r o n i c  c o n t r o l  s i g n a l s ,  and p h y s i c a l l y  a l i g n i n g  t h e  m i r r o r  t o  i t s  
o r i g i n a l  d e s i g n  f i g u r e .  The bas i c  bu i ld ing  b locks  o f  t he  ac t ive  sys t em are  
shown i n  f i g u r e  1 and  inc lude  an  in t e r f e romet r i c  f igu re  senso r  fo r  de t ec t ion  
o f  e r r o r s  of t h e  m i r r o r  s u r f a c e  f i g u r e ,  a c t u a t o r s  t o  p r o v i d e  t h e  p r e c i s e  me- 
chanica l  d i sp lacement  of  the  mir ror  sur face  requi red ,  and  e lec t ronics  for  con- 
ve r t ing  the  e r ro r s  obse rved  by t h e  f i g u r e  s e n s o r ,  c o n t r o l l i n g  v o l t a g e s ,  and 
a p p l y i n g  t h o s e  v o l t a g e s  t o  t h e  a p p r o p r i a t e  a c t u a t o r s  t o  make e r r o r  c o r r e c t i o n s .  
The in i t i a l  expe r imen t  pe r fo rmed  a t  Pe rk in -E lmer  to  demons t r a t e  t he  f eas i -  
b i l i t y  o f  t h e  c o n c e p t  c o n s i s t e d  of measuring and correct ing the al ignment  of  
individual   e lements   of  a segmented  mirror  (refs.  1 and 2) .  The s p e c i f i c  ob- 
2 
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Figure 1. Deformable  Mirror  Active  Optics  Concept 
! jective of   the  experiment  was to   au tomat i ca l ly   a l ign   and   ma in ta in   c losed - loop  
I 
con t ro l  o f  a 20-inch, three-segment mirror t o  within 1/20 wavelength rrns of 
the  des ign  f igu re .  
i 
The  experiment was most   successful .   Diffract ion-l imited  performance was 
obtained, as  proven by severa l  independent  op t ica l  tests.  The  composite  f igure 
of  the segmented mirror  assembly with closed-loop control  was measured t o  de- 
v i a t e  from t h e  d e s i g n  f i g u r e  by less than 1/40 of a wavelength ms. 
I 
Deformable Active Optics 
The  nex t  l og ica l  s t ep  in  the  deve lopmen t  o f  t he  Ac t ive  Optics Concept was 
t o  d e t e r m i n e  t h e  re la t ive  merits of a s e rvo  s t r e s sed  f l ex ib l e  mi r ro r  approach .  
The o b j e c t i v e  of t h e  program,  which i s  t h e  s u b j e c t  of t h i s  r e p o r t ,  was t o  
i nves t iga t e ,  ana ly t i ca l ly  and  expe r imen ta l ly ,  t he  f eas ib i l i t y  o f  ob ta in ing  
d i f f r a c t i o n - l i m i t e d  o p t i c s  f o r  s p a c e  a p p l i c a t i o n  by a c t i v e l y  s t r e s s i n g  a t h i n  
f lex ib le  mir ror  in to  the  proper  shape .  For  the  purpose  of t h i s  p r o j e c t ,  t h e  
reference shape was spher ica  1. 
The program was d i v i d e d  i n t o  two phases.  
I n  P h a s e  I t h e  s p e c i f i c  o b j e c t i v e s  were: 
(a) To ana ly t ica l ly  de te rmine  the  parameters  for  a t h i n  m i r r o r  
as fol lows : 
(1) O p t i m u m  th ickness- to-d iameter   a t io .  
(2) Optimum placement  and  type of a c t u a t o r  t o  be used, 
(3) Requ i red   f i gu re   accu racy   p r io r   t o   ac t ive   con t ro l ,  
I 
i,e., manufac tu r ing  to l e rance  to  ach ieve  a f i n a l  
1/20 A rms e r r o r .  
(4) E f f e c t   o f   m i r r o r   i n t e r a c t i o n s ,   i n c l u d i n g   d i s c o n t i n u i t i e s  
i n  t h e  m i r r o r  s u r f a c e ,  s u c h  a s  t h e  b o u n d a r i e s  imposed by 
a f i n i t e  r a d i u s  and a h o l e  i n  t h e  c e n t e r  o f  t h e  m i r r o r .  
4 
In  Phase 
(a) 
( 5 )  Pred ic t ed  r m s  f i g u r e  e r r o r  d u r i n g  a c t i v e  c o n t r o l  o f  t h e  
mir ror .  
To des ign ,  fabr ica te ,  and  eva lua te  an  ac tua tor  of  the  type  
determined by t h e  a b w e  a n a l y s i s ,  f o r  u s e  i n  t h e  t h i n  m i r r o r  
control  system. 
To d e s i g n  t h e  c o n t r o l  s y s t e m  i n  s u f f i c i e n t  d e t a i l  t o  show i t s  
f e a s i b i l i t y .  
To f a b r i c a t e  and t e s t  a 30-inch-diameterY thin,  fused-si l ica  
mirror .  (The 30-inch  diameter was chosen a s   a p p r o p r i a t e   f o r  
u s e  i n  t h e  e x i s t i n g  vacuum t a n k  f a c i l i t y . )  Accuracy  of f i gu re ,  
thickness  and f /number of  the mirror  were to  be  those  de te rmined  
by the  above  ana lys i s  a s  t he  most appropr ia te  for  the  magni tude  
and  sca l e  o f  co r rec t ions  to  be  made. The tes ts  were t o  b e  of a 
q u a n t i t a t i v e  n a t u r e  and of  suf f ic ien t  accuracy  to  a l low compar i -  
son of  the mirror  before  and a f t e r  s t r e s s i n g .  
"-. 
" 
I1 t h e  s p e c i f i c  o b j e c t i v e s  were: 
To f a b r i c a t e  a su i t ab le  moun t ing  a s sembly  wi th  ac tua to r s  t o  
provide  the  forces  and d i sp lacemen t s  r equ i r ed  to  s t r a in  the  
t h i n  m i r r o r  and  produce  the  necessary  f igure  cor rec t ions  to  
achieve  the  des ign  goa l  f igure  accuracy  of 1/20 h. rms. 
To d e s i g n  a n d  f a b r i c a t e  t h e  e l e c t r o n i c s  r e q u i r e d  t o  g e n e r a t e  
c o n t r o l  s i g n a l s  f o r  t h e  i n d i v i d u a l  a c t u a t o r s  from t h e  f i g u r e  
sensor  developed  under NASA Contract NAS1-5198 ( i .eo,  the seg-  
mented mirror  experiment) .  
To combine the  f igu re  senso r ,  e l ec t ron ic s ,  ac tua to r s ,  and 
mirror  into an automatic  control  system, the design object ive 
of which was t o  ma in ta in  the  f igu re  e r ro r  t o  wi th in  1 /20  h rms 
or better.   Sequencing  and programming could  be  done  manually. 
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(d) To e v a l u a t e  t h e  c l o s e d - l o o p  o p e r a t i o n  o f  t h e  c o n t r o l  s y s t e m  t o  
determine the accuracy of  operat ion,  employing the knife-edge 
test ,  t h e  p o i n t  s o u r c e  tes t ,  and scans of t h e  m i r r o r  s u r f a c e  
wi th  the  phase  measurement interferometer. 
Summary of  Resul ts  
I / (a) The m i r r o r  was f a b r i c a t e d  from f u s e d   s i l i c a   t o   t h e   f o l l o w i n g  
dimens  ions :
1 
i 
i 
Diameter - 30 inches 
Thickness - 0.50 inch  
Radius  of  Curvature - 178 inches 
(b) A force   appl ica t ion   a r rangement  of 61 poin ts   loca ted   hexagonal ly  
( f i g u r e  2 )  on 3.75-inch centers  was s e l e c t e d  t o  remove e r r o r s  of 
t he  spa t i a l  f r equency  expec ted  and  to  t es t  p r e d i c t i o n s  f o r  re- 
sponse of a h igh -o rde r  i n t e rac t ing  con t ro l  sys t em.  
(c) A t heo re t i ca l   app roach   fo r   syn thes i z ing  a s t ab le   h igh -o rde r   i n -  
t e r a c t i n g   c o n t r o l   s y s t e m  was d e v e l o p e d .   P r e d i c t i n g   s t a b i l i t y  
r equ i r ed  knowledge  o f  t he  mi r ro r  r eac t ion  to  the  mul t ip l e  fo rces  
used  to  ma in ta in  the  des i r ed  mi r ro r  f igu re .  A s t r u c t u r a l  a n a l y -  
s is  program was used t o  o b t a i n  e s t i m a t e s  o f  t h e  s t a t i c  d e f l e c -  
t i o n s   o f  a point- loaded,   thin,   shal low,   spherical   mirror .  The 
c a l c u l a t e d  d e f l e c t i o n s  were compared to  experimental ly  measured 
d e f l e c t i o n s  a n d  t h e  r e su l t s  were   r epor t ed   i n   r e f e rence  3 .  The 
ana ly t ica l  p rogram was u s e d  t o  d e t e r m i n e  t h e  p r o p e r t i e s  o f  t h e  
30-inch-diameter mirror, from which i t  was p o s s i b l e  t o  p r e d i c t  
t h a t  a s tab le  cont ro l  sys tem could  be  des igned .  
A cont ro l  sys tem was designed and bui l t  employing paral le l  ana-  
log  cont ro l  channels  and  us ing  a matrix of feedforward elements 
t o  c o u n t e r a c t  t h e  e f f e c t  of the  mir ror  in te rac t ' ion  and  hence  
improve  servo  response. From t h e  a n a l y s i s  o f  t h e  m i r r o r  i n t e r -  
act ion,  feedforward network values  were determined. 
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Figure 2 .  Actuator and Reaction  Support  Locations on Thin  Deformable  Mirror 
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(d) D i f f e r e n t i a l   s p r i n g   t y p e   a c t u a t o r s   c a p a b l e   o f   a p p l y i n g   f o r c e s  
wi th  a range  of  p lus  or  minus  two pounds and producing . l o ' ~ s t :  
d isplacements  of a wavelength were des igned   and   bu i l t .  . ' . .  .' . :  
. .  
:. - .. . . .  - 
. . . .  
. .  . 
. .  
. .  
(e) A mir ro r  suppor t  sys t em to  min imize  the  ex te rna l  stresses on 
the  mir ror  due  to  the  mount ing  a r rangement  i t se l f  was designed 
and  constructed.  
( f )  The e x i s t i n g   p h a s e  measurement i n t e r f e r o m e t e r   f i g u r e   s e n s o r  was 
mod i f i ed  fo r  u se  wi th  the  th in  mi r ro r  con t ro l  sys t em by adding 
tilt  and focus control  and a p h o t o d i o d e  m a t r i x  f o r  p a r a l l e l  
s ens ing  o f  t he  6 1  mi r ro r  image p o i n t s  c o r r e s p o n d i n g  t o  t h e  
a c t u a t o r  l o c a t i o n s .  
(g> The  mirror ,   actuators ,   and  support   system were assembled  and 
mounted i n  a vacuum tank.  
(h)  The  mirror was al igned,   and  the  accuracy  of   a l ignment   and  the 
prec is ion  and  response  of  the  cont ro l  sys tem were t e s t e d  w i t h  
t h e  f o l l o w i n g  r e s u l t s :  
(1) The f i n a l  m i r r o r  f i g u r e  w i t h  a n e a r  optimum mir ror - to-  
f igure-sensor  spac ing  was measured t o  b e  b e t t e r  t h a n  hf50 
rms by  ana lys i s  of in te r fe rograms and  prof i le  scans ,  and  
th i s  per formance  was qua l i t a t ive ly  conf i rmed  by pinhole  
tests.  
(2)  The c o n t r o l  s y s t e m  r e s p o n s e  t o  s t e p  d i s t u r b a n c e s  v e r i f i e d  
t h e  t h e o r e t i c a l  p r e d i c t i o n s , a n d  t h e  c o n t r o l  p r e c i s i o n  was 
obse rved  to  be  be t t e r  t han  1/150 wavelength rms, from 
repea t ib i l i t y  measu remen t s  made w i t h  t h e  p r o f i l e  s c a n  t e s t .  
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SYSTEM  STEADY  STATE  PERFORMANCE 
Alignment Accuracy 
Four measurement techniques were employed t o  o b t a i n  a q u a n t i t a t i v e ,  a s  
well as a qua l i ta t ive  eva lua t ion  of  the  accuracy  and  prec is ion  of  the  mir ror  
alignment dur ing  cont ro l .  Informat ion  was obtained about  the ampli tude of  de-  
p a r t u r e  o f  t h e  c o n t r o l l e d  s u r f a c e  from idea l  (bo th  loca l ly  and  rms), t h e  
p rec i s ion  and  r epea tab i l i t y  o f  t he  con t ro l  sys t em,  and  the  dynamic range of 
the system (i.e., i t s  a b i l i t y  t o  remove l a r g e  e r r o r s ) .  
Interferograms.- One o f  t he  most  graphic  techntques for  obtaining mirror  
f igu re  accu racy  i s  by r eco rd ing  the  ou tpu t  of a t e s t  i n t e r f e romete r  pho to -  
graphica l ly .  I n  t h i s  c a s e ,  t h e  test in t e r f e romete r  was a l r eady  set  up  and 
a l i g n e d  a s  t h e  f i g u r e  s e n s o r  i n  t h e  A c t i v e  O p t i c s  c o n t r o l  l o o p .  T h i s  t es t  
shows the  loca l  de fo rma t ions  o f  t he  mi r ro r  quan t i t a t ive ly  to  wi th in  the  accu- 
r acy  o f  t he  e r ro r s  i n t roduced  by t h e  i n t e r f e r o m e t e r  i t s e l f ,  which were pre-  
v ious ly  shown t o  be less than  1/50 h peak (ref .  4). For a sphe r i ca l  mi r ro r  
t h e  i n t e r f e r o g r a m s  a r e  v e r y  e a s y  t o  i n t e r p r e t .  F i g u r e  3 shows a n  i n t e r f e r o -  
gram of  the  mir ror  in a r e l axed  s t a t e  be fo re  a l ignmen t .  Each f r i n g e  i n d i c a t e s  
a 1/2=wavelength  change i n  f i g u r e  e r r o r  w i t h  r e s p e c t  t o  a per fec t  sphere .  
Figure 4 shows an  in te r fe rogram of  the  mir ror  a f te r  a l ignment  by t h e  
Act ive  Opt ics  cont ro l  sys tem.  In  th i s  case ,  the  wavefront  in  one  arm of the  
in t e r f e romete r  was t i p p e d  r e l a t i v e  t o  the  wavef ron t  i n  the  o the r  arm i n  o r d e r  
t o  o b t a i n  a set o f  p a r a l l e l  s t r a i g h t - l i n e  f r i n g e s .  The dev ia t ion  of t h e s e  
f r i n g e s  from a s t r a i g h t  l i n e  a n d  from uniform spacing i s  p r o p o r t i o n a l  t o  t h e  
deformation a t  the  mir ror ,  aga in ,  wi th in  the  accuracy  a l lowed by any e r r o r s  
introduced by the  in t e r f e romete r .  
Models o f  t he  f igu re  e r ro r  be fo re  and  a f t e r  a l ignmen t  as measured from 
the  in t e r f e rog rams  are shown i n  f i g u r e  5 -  Departure  from a b e s t - f i t  s p h e r e  
is shown t o  t h e  same s c a l e  i n  both  models. Each level i n  the  before-a l ign-  
ment model r ep resen t s  112 wavelength a t  6328A or  approximate ly  1 2  microinches.  
Each level i n  the af ter-al ignment  model  represents  1/40 wavelength or  approx-  
imately 518 microinch. 
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Figure  3 .   Interferogram of 30-Inch  Mirror  Before  Alignment,  Supported  with 
Op t i ca l  Axis Horizontal  (Weight  supported a t  t h e  58 a c t u a t i o n  
po in t s  and a t  t h e  3 r e a c t i o n  s u p p o r t  p o i n t s )  
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Figure 4 .  Interferogram of 30-Inch Mirror After Alignment with Active 
Optics Control System (Wavefront t i l t e d  t o  o b t a i n  s t r a i g h t  
l ine   f r inges)  
P 
I 
Before  Alignment After  Alignment 
Figure 5. Contour  Models  of  Departure of 30-Inch  Mirror  from a Best-Fit Sphere, Before  and  After 
Active  Alignment  (Each level is equivalent  to 1/2 wavelength in the before-alignment 
model and 1/40 wavelength in the after-alignment model) 
Figure  6 shows an  in te r fe rogram of  the  a l igned  mir ror  a t  a mirror- to-  
f igure-sensor  spacing approximately 0.160 inch  l a rge r  t han  tha t  u sed  fo r  
f i g u r e  4. The mirror  curvature  can be maintained at  any given radius  within 
t h e  r a n g e  o f  t h e  a c t u a t o r s  by keying  the  " focus"  cont ro l  to  the  va lue  of  the  
ou tpu t  vo l t age  o f  t he  pos i t i on - ind ica t ing  po ten t iome te r  of one  of  the  f lex  
a c t u a t o r s  f o r  t h a t  p o s i t i o n .  It i s  appa ren t   t ha t   t he   r ad ius   s e l ec t zd   fo r  
f i g u r e  6 is c l o s e r  t o  optimum than  is  t h e  r a d i u s  u s e d  i n  f i g u r e  4 .  The re- 
s idua l  deformat ions  measured  for  the  two cases  were 1/30 wavelength rms and 
1/50 wavelength rms, r e spec t ive ly .  
P r o f i l e  scans. '  The interferograms descr ibed in  the previous paragraph 
have the disadvantage that  the control  system must  be turned off  to  record 
them. Th i s  d id  no t  s e r ious ly  deg rade  the i r  accu racy  a s  the  mi r ro r  f igu re  was 
o b s e r v e d  t o  m a i n t a i n  i t s e l f  v e r y  well a f t e r  t he rma l  equ i l ib r ium had been 
reached; however, it was d e s i r e d  t o  o b t a i n  s i m i l a r  q u a n t i t a t i v e  i n f o r m a t i o n  
about  the  mir ror  sur face  under  cont ro l  to  de te rmine  the  prec is ion  and  repea t -  
a b i l i t y  o f  t h e  c o n t r o l  s y s t e m .  
F igure  7 shows a si?t of p ro f i l e  s cans  ob ta ined  by scanning the output  of 
the phase measurement interferometer using the Image Dissec tor  and applying 
t h e  o u t p u t  o f  t h e  p h a s e  d e t e c t o r  t o  a n  X-Y recorder .  T h i s  g ives  a s e t  o f  
curves very similar in  appea rance  to  the  in t e r f e rence  f r inges  obse rved  in  
f i g u r e  6 .  The mi r ro r  was scanned  twice s o  that  each curve consis ts  of  a double 
t r a c e .  The var ia t ions   be tween  t races   g ive   an   ind ica t ion  of t he  p rec i s ion  of 
the   cont ro l   sys tem.  The r e p e a t a b i l i t y  is  wi th in  1/30 wavelength  everywhere, 
i n d i c a t i n g  t h a t  t h e  p r e c i s i o n  e r r o r  i n t r o d u c e d  by the  cont ro l  sys tem i s  l e s s  
than  1/150 wavelength rms. 
I n  f i g u r e  8 t h e  areas be tween the  prof i le  scans  and the  ze ro  e r ro r  r e fe r . -  
e n c e  l i n e s  h a v e  b e e n  f i l l e d  i n  t o  show the  mir ror  devia t ion  f rom a b e s t - f i t  
sphere.  
P inhole  test.- A pinhole  source  0.0001 inch  in  d iameter  was loca ted  
approximately 1/8 i n c h  t o  one s ide  o f  t he  cen te r  o f  cu rva tu re  o f  t he  mi r ro r  
and  the  image  formed by t h e  m i r r o r  was observed through a microscope. The 
p inhole  test does  not  conta in  e r rors  f rom the  in te r fe rometer  or  cont ro l  e lec-  
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Figure 6. Interferogram  of 30-Inch Mirror  After  Alignment  with  Active 
Optics  Control  System (Mirror-to-figure-sensor distance 
adjusted  for  close  to  optimum  mirror  figure) 
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Figure  8 ,  Mirror   F igure   Prof i le  Showing Deviat ions from a Bes t -F i t  
Sphere  (Shaded  areas   represent   deviat ions)  
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t r o n i c s  a n d  d i r e c t l y  tests t h e  a b i l i t y  o f  t h e  m i r r o r  t o  p e r f o r m  t h e  f u n c t i o n  
for   which i t  i s  des igned ,   t ha t  is, t o  form  an  image.  Therefore,   the  pinhole 
tes t  i s  a very useful  and necessary,  as we l l  as graphic,  cross-check on the 
performance of t h e  system. Analysis of t he  p inho le  image  can g i v e  q u a n t i t a -  
t i ve  informat ion  about  the  rms f i g u r e  e r r o r  b u t  it canno t  be  co r re l a t ed  wi th  
s p e c i f i c  l o c a l  a r e a s  o f  t h e  m i r r o r .  F i g u r e  9 is a photograph of  the image f o r  
t he  mi r ro r  be fo re  a l ignmen t  and  a f t e r  a l ignmen t  in  the  pos i t i on  used  to  ob ta in  
t h e  i n t e r f e r o g r a m  o f  f i g u r e  10.  The f i r s t  d a r k  r i n g  i s  0.00025 i n c h  i n  diam- 
e ter  i n  t h e  a c t u a l  p i n h o l e  image with the al igned mirror ,  s o  t ha t  t he  pho to -  
graph i s  a 2000X enlargement.  The  uniformity  and syrmnetry o f  t h e  f i r s t  d a r k  
r i n g  a n d  t h e  f i r s t  b r i g h t  r i n g  o u t s i d e  t h e  A i r y  d i s c  a r e  q u i t e  good and  ind i -  
ca t e  t ha t  t he  a l ignmen t  accu racy  i s  indeed  c lose  to  the  1/50 h rms i n d i c a t e d  
by  an  ana lys i s  of  f igure  6 .  
Foucault  knife-edge tes t . -  The knife-edge t e s t  i s  a t r a d i t i o n a l  t e s t  t h a t  
i s  u s e f u l  f o r  s h o w i n g  t h e  l o c a t i o n  of  m i r r o r  e r r o r s  b u t  from  which i t  i s  very 
d i f f i c u l t  t o  o b t a i n  good quant i ta t ive  informat ion  about  e r ror  ampl i tude ,  espe-  
c i a l l y  f o r  near-diffraction-limited systems. A sample of a knife-edge  photo- 
graph i s  shown i n  f i g u r e  10 .  The knife-edge test does  not  inc lude  e r rors  
introduced by t h e  i n t e r f e r o m e t e r  o p t i c s ,  b u t ,  as prev ious ly  noted ,  these  a r e  
small .  
System Transient Response 
The laboratory system was tes ted,  both with and without  crossfeed resis- 
tors, to  de te rmine  the  measured  s tep  response  of  g iven  channels  as w e l l  a s  
t h e  r e s u l t i n g  i n t e r a c t i o n  a t  a d j a c e n t  c h a n n e l s .  W h i l e  o n l y  p r e l i m i n a r y  re- 
s u l t s  a r e  p r e s e n t l y  a v a i l a b l e ,  t h e i r  a g r e e m e n t  w i t h  t h e o r e t i c a l  p r e d i c t i o n s  
i s  q u i t e  good. The fol lowing  paragraphs  present   the  comparisons  a long  with 
re levant  d i scuss ion  of  the  hardware  and  theory  where  thought  necessary .  
The laboratory equipment  incorporates  a minor  ( tachometric  feedback)  loop 
a round  the  l ead - sc rew d r ive  moto r  t o  ob ta in  an  in t eg ra t ion  cha rac t e r i s t i c ;  i.e., 
MINOR LOOP TRANSFER FUNCCION = 7 16.7  rad/sec v o l t  
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Figure 9 .  Image of 0.0001-Inch  Pinhole  Source  at   Mirror  Center of Curvature 
(a)  Before and (b)  a f t e r   a l i gnmen t  (2000X Enlargement) 
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Figure 10. Foucault  Knife Edge Test-of  30-Inch  Mirror  After  Alignment 
19 
This  forward  loop  func t ion  i s  der ived  as shown i n  f i g u r e  il and i s  u s e d  i n  t h e  
major  loop analysis  as p r e s e n t e d  i n  f i g u r e  12, which, i t  should  be  noted, i s  
relevant  to  both the coupled and decoupled cases .  
In the coupled case,  the feedforward gain i s  u n i t y  and the  na ture  of  the  
response  a t  a given  mir ror  po in t ,  due  to  a s t e p  a t  t h e  same o r  a d i f f e r e n t  
po in t ,  is determined from the mirror  matr ix  and the other  t ransfer  funct ions 
compris ing  the  loop(s) .  A s tab le  sys tem ensues  only  when a l l  the  roots  of  
t h e  s y s t e m ' s  c h a r a c t e r i s t i c  e q u a t i o n  are well-behaved (have positive damping), 
a c o n d i t i o n  t h a t  p r e v a i l s  when the  locus  o f  t he  ac tua to r  cha rac t e r i s t i c  avo ids  
e n c i r c l i n g  a l l  of t h e  c r i t i c a l  p o i n t s .  T h i s  is determinable  via  Nyquist   plane 
ana lys i s  or ,  equiva len t ly ,  by r e s o r t  t o  Bode a n a l y s i s  as i s  descr ibed  in  sub-  
sequent   sect ion,   "Control  Loop Design".   In  the  former  case,   the  denominator 
of  the response expression was i n  t h e  form 
where - are t h e  c r i t i c a l  p o i n t s ,  a l l  of which must  be avoided by choice of G 
i f  a l l  denominator   factors  are t o  g e n e r a t e  o n l y  w e l l  behaved roots .   For  Bode 
analysis ,  the denominator  would  be w r i t t e n  i n  t h e  form 
1 
h i  
and  each Gh. would  be t r ea t ed  in  f a sh ion  ana logous  to  the  s ing le  loop  approach .  
Only i f  a l l  such Gh. p l o t s  i n d i c a t e  p o s i t i v e  g a i n  and  phase  margin w i l l  a l l  
r o o t s  be  well-behaved  and a s t a b l e  s y s t e m  r e s u l t .  
1 
1 
For the present system, with i t s  Ai range of 1 t o  3224  microinches p e r  
pound, t he  Bode p l o t  would  be as shown i n  f i g u r e  1 3 .  The phase  margin,  which 
depends upon the actual  crossover  f requency (and hence the actual  gain) ,  var ies  
from a maximum of near 90" for  h i  = 1 microinch per pound t o  a minimum of about 
25" f o r  h. = 3224 microinches p e r  pound. The system is thus  expected  to  be 
s t a b l e  and t o  have  response  components  with time cons tan t s  les's than 
1 
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Figure 11. Minor Loop Analysis 
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I l R  
I f  a = 1 x inchllb  and  3224  pinch/lb,  as i n  coupled case with extreme eigenvalues,   then 
5 . 8 ~ 6 ~  ( 1+r2S) 
G(s )  = s(l+Tls) (1+T3s) which becomes uni ty  a t  f = 0.000925 Hz when 7 = 0 j 
and 
1 8 . 7 0 0 ( 1 + ~ ~ 8 )  
G <SI= s ( ~ + ~ ~ s ) ( ~ + T ~ s )  
which becomes u n i t y  a t  f = 2.98 Hz when 7 = 0 J 
I f  a = 5 x inch/ lb  as for   channels   3 land  43 in  the  decoupled  case,   then  with a feedforward 
gain of 0.5 
Figure  12.  Major Loop Analysis 
i 
30 
20 
10 
0 
-10 
-20 
-3 0 
-40 
+22dB 
Loop Gain 
(dB) 
-48dB 
""""""""" 
12.5 u inch/Dound 
1.0 p inch/pound 
- Zero dB Level  with 12.5 p inch/pound 
\\\ Assumed i n  
Charac te r i s t ic  
Range of 
Typica 1 Analysis Zero dB - 
Leve 1 Ba sed 
\ Upon Eigen- 
\ value Ext re] 
Y 
\ 
3224  IJ. inch/pound 
12.5 p inch/pound \ 
I ' \ '\ \ Charac te r i s t i c  r - . . .  
Hardware \ 
""" """"" - "- & 
I I I I I I I I I  I I I I I I I l l  I I I A I I I I  
0.001 0.01 
Frequency (Hz) 0 . 1  
Figure 1 3 .  Coupled  System  Major Loop Charac te r i s t i c  
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and resonant  f requencies  not  in  excess  of  approximate ly  0.5 Hz. As was pointed 
ou t  p rev ious ly ,  t he  ac tua l  r e sponse  cons i s t s  o f  on the  o rde r  of n terms, each 
of  which may be  of s i g n i f i c a n t  a m p l i t u d e .  The e x a c t  s o l u t i o n  f o r  s t e p  func t ion  
response  is more involved  than  obta in ing  the  mir ror  numer ica l  mat r ix  e igenvalues  
and  therefore  has  not  been  attempted. However, f i g u r e  14 shows the  na tu re  o f  
the   response  when a s t e p  e r r o r  i s  in t roduced   in to   channel  31, corresponding 
t o   t h e   c e n t e r   a c t u a t o r .   ( S e e   f i g u r e  2 for  channel  numbering  code.) The 
s i g n i f i c a n t  p o i n t s  t o  be noted from the figure are:  
* 
0 Measured  time  constants are on the  order   of  40 and 87 * 7k 
seconds , values   tha t   a re   wi th in   the   159-second maximum 
pred ic t ed  va lue .  
0 Responses a t  a l l  a d j a c e n t   ( s i x )   a c t u a t o r   p o i n t s   a r e  
e s s e n t i a l l y   t h e  same. T h i s  is  t o  be expected  with  the 
symmetrical  arrangement of the actuators.  
0 P o i n t s   f a r t h e r  removed (viz,   the  second  r ing  and more d i s -  
t a n t  a c t u a t o r s )  show decreas ing   response   wi th   d i s tance  due 
to  dec reased  coup l ing  between more remote points .  
A s t e p  funct ion  introduced,  on t h e  o the r  hand, into  channel  61, cor re-  
spond ing  to  an  unsuppor t ed  ac tua to r  a r r ay  co rne r ,  d i sp l ays  d i f f e ren t  measured 
t ime  constants .   This  i s  shown i n   f i g u r e  15.  The i n t e r a c t i o n s   a t   t h e  sym- 
me t r i ca l ly  a r r ayed  po in t s  59 and 60 are  near ly  equal ,  being 28.6" and 22" peak 
ampli tude,   respect ively,   wi th   t ime  constants   of  72 and 75  seconds.  The in -  
board  point 57 exhibi ted  about  one h a l f   t h i s   r e s p o n s e  due t o  i n t e r a c t i o n .  It 
should be noted  tha t  the  88" s t e p  input  was nea r ly  equa l  t o  go", corresponding 
t o  a n  e i g h t h  wZve of  mirror  deformation.  
>k 
Measurement technique is  shown i n  f i g u r e  18. 
T i m e  cons tan t  va lues  g iven  represent  the  t ime requi red  for  the  e r ror  to  be 
completely removed based upon the slope of the curve a t  the  poin t  cons idered .  
Such a computation i s  comple t e ly  va l id  fo r  a s i n g l e  time cons tan t  response .  
In  the  even t  t ha t  s eve ra l  exponen t i a l  components are present ,  the  method is, 
a t  best ,   only  approximate  but  tends  to  improve  for  points on t h e  t r a i l i n g  
edge of the response where the shorter time cons tan t  terms have decreased 
s ign i f i can t ly .   Th i s   p l aces  t h e  l a r g e s t  time cons tan t   i n   g rea t e s t   ev idence .  
** 
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The informat ion  of  f igure  12 a l s o  l e a d s  t o  t h e  Bode curve of  f igure 16  
for   the   decoupled   case .   In   th i s   conf igura t ion   the   c ross feed   res i s tors   (be tween 
channels)  act  to  hold  the  sur rounding  poin ts  f ixed  as the forced channel  oper-  
ates through its a s s o c i a t e d  r e s i s t o r  t o  c o r r e c t  t h e  e r r o r  i n t r o d u c e d .  The 
l a t te r  r e s i s t o r  i s  on the order  of  20 kilohms for  channel  31 corresponding to  
a feedforward gain of  1/2 for  this  channel .  The decoupled  mirror  compliance 
as measured a t  po in t s  31 and 43 is  nea r ly  0.2h mirror  deformation per  pound of 
app l i ed   fo rce ,   t he   o the r   po in t s   be ing   e f f ec t ive ly   f i xed   pos i t i onwise .  The 
measured step response of channel 43 is shown i n  f i g u r e  17 for  both the coupled 
and  decoupled  cases. It is evident   f rom  the  curves   that   the   feedforward  net-  
work was ve ry  e f f ec t ive  in  avo id ing  in t e rac t ion  r e sponse  a t  ad jacen t  ac tua to r s ,  
the  t race  of  response  a t  a c t u a t o r  number 34 be ing  a t t r i bu ted  to  non-pe r fec t  
d e c o u p l i n g  r e s i s t o r s .  Moreover,  the  response  of  channel  31 was found t o  be 
e s s e n t i a l l y  t h e  same as for channel 43 f o r  s t e p  e r r o r s  i n t r o d u c e d  i n t o  e a c h .  
This  i s  as expec ted  s ince  a l l  channels  should  d isp lay  ident ica l  s tep  responses  
in  the  decoupled  conf igura t ion .  
A word  of explana t ion  i s  in  order  regard ing  the  apparent  double  va lued  
nature  of  channel 43 i n i t i a l  r e s p o n s e  when decoupled. The dashed  curve is  
the measured error response rate from which the sol id  error  response curve 
was e s t ima ted ,  t he  d i r ec t  measurement of error  response being precluded by the  
particular  hardware  arrangement.   Figure I8 ind ica t e s   t he   gene ra l   na tu re   o f   t he  
measurement  techniques. 
For the coupled case, a uni ty  feedback  condi t ion  preva i l s  and  the  s tep  
responses as measured are  equivalent  to  the responses  produced by a c t u a l  m i r r o r  
s tep   d i sp lacement  errors. For  the  decoupled  case,   the  unit   feedback  arrange- 
ment was n o t  c o n v e n i e n t l y  p o s s i b l e  s i n c e  t h e  f i l t e r i n g  a c t i o n  o f  t h e  s h a p i n g  
ampl i f i e r  was des i r ed  fo r  t he  measu red  s igna l  t o  remove phase  de tec tor  no ise  
and, i n  add i t ion ,  dc  s tep inputs  a t  subsequent points could not be r e a d i l y  
introduced.  
A reasonable comparison between measured and predicted response i s  a com- 
par i son  of time cons tan ts .  This  is t r u e  s ince  the  open  loop  ga in  charac te r i s -  
t i c  i n  t h e  r e g i o n  of u n i t y  g a i n  is e s s e n t i a l l y  - 6  dB/octave, for which a 
near ly   exponent ia l   response  re ru l t s  ; i .e ., 
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7, Y2RfCO = 2s (0.0023) = 69 seconds 
Moreover, t he  de r iva t ive  o f  an  exponen t i a l  r e sponse  is i n  i t se l f  exponent ia l  
d(Krl-e-at l )  -at 
d t  = Kae 
A measured time cons tan t  for  the  decoupled  response  of  channel  31 is  on t h e  
order  of  90 seconds, a va lue  c lose  enough t o  s u b s t a n t i a t e  p r e d i c t i o n s .  
ANALYTICAL  STUDY 
The bas ic  concept  of Act ive  Opt ics  appl ied  to  a th in  mi r ro r  is decep t ive ly  
s imple .   In   p r inc ip l e ,   t he   mi r ro r   f i gu re   e r ro r  is measured  and the   mi r ro r  i s  
s t r e s s e d  t o  remove t h e  e r r o r .  I n  p r a c t i c e ,  t h e r e  were s e v e r a l  d i f f i c u l t  p r o b -  
lems t o  be  solved.  There were the  quest ions  of  what k inds  of  e r rors  had t o  be 
accommodated, how th i ck  the  mi r ro r  shou ld  be, whether  force or  displacement  
c o r r e c t i o n  was t o  be  used,  and how the mirror  should be  mounted.  The  key  prob- 
lem.was f ind ing  a s y s t e m a t i c  r e l a t i o n s h i p  between  what could be measured  and 
t h e  t y p e s  o f  f i g u r e  c o n t r o l  t h a t  were p o s s i b l e  ( s u b s e q u e n t l y  r e f e r r e d  t o  as 
the  control   system).   Therefore ,  i t  was n e c e s s a r y   t o ' s p e n d   t h e   f i r s t   s e v e r a l  
months in  ' an  ana ly t i ca l  s tudy  to  answer  these  ques t ions .  In  the  fo l lowing  
paragraphs,  the pr incipal  sources  of  error  and possible  approaches to  the 
s e l e c t i o n  o f  a cont ro l  sys tem are d i s c u s s e d  b r i e f l y .  
Determination Of Mirror Parameters 
Mirror  diameter  and radius  of  curvature .  - The 30-inch diameter was d e t e r -  
mined a t  t h e  s tar t  as t h e  l a r g e s t  s i z e  t h a t  would c o n v e n i e n t l y  f i t  i n t o  t h e  
vacuum tank   purchased   for   the   p rev ious   cont rac t   (Cont rac t  NAS1-5198). The 
r a d i u s  of cu rva tu re  was s e l e c t e d  as approximately 180 inches t o  l o c a t e  t h e  
mirror ,  mirror  support  system, 
al low convenient  access t o  t h e  
and actuator system near one end of t h e  t a n k  t o  
assembly.   This   a lso  provided  an f / 3  mirror  
31 
which required an f / 6  cone of  i l luminat ion from the f igure sensor  a t  t he  cen te r  
of  curvature ,  and this  was t h e  maximum the  ex i s t ing  f igu re  senso r  cou ld  p ro -  
v ide  wi thout  redes ign .  
Actuator  spacing and placement.- The spacing of  the actuators  and the 
ampl i tude  of  cor rec t ion  tha t  they  are  r e q u i r e d  t o  make depend upon the  mir ror  
abe r ra t ions ,  which are due t o  f a b r i c a t i o n  t o l e r a n c e s ,  g r a v i t a t i o n a l  e n v i r o n -  
ment, thermal  environment,  spontaneous s t ress  r e l ease ,  and  ynamic l o a d i n g  t o  
be removed. 
It was i n i t i a l l y  p r e d i c t e d  t h a t  t h e  f i g u r e  d e f o r m a t i o n s  of the 30-inch 
t h i n  m i r r o r  a t  the  conclus ion  of the fabricat: i .on process employed  would be l e s s  
than  1 wavelength peak overall  and l e s s  t h a n  1/10 wavelength peak over any 
area wi th  a diameter  of 6 inches .  The a c t u a l  e r r o r s  exceeded  these estimates 
(see subsequent section "Thin Mirror Fabrication"),  but were s t i l l  well w i t h i n  
t h e  c a p a b i l i t y  of the   cont ro l   sys tem.  It would c e r t a i n l y  be des i r ab le ,  how- 
ever,  to produce, from the  s t andpo in t  o f  l o n g  t e r m  r e l i a b i l i t y  i n  a n  o r b i t i n g  
system, a f igure accuracy that  minimizes  the number o f  a c t u a t o r s  r e q u i r e d  t o  
remove deformations and t o  make t h e  m i r r o r  d i f f r a c t i o n  l i m i t e d .  I n i t i a l  c a l -  
c u l a t i o n s  i n d i c a t e  t h a t ,  f o r  a given  actuator   spacing,  a local   ampli tude  of  
deformation of approximately 1 / 2  wavelength can be  removed without  leaving a 
r e s i d u a l  r i p p l e  of   g rea te r   than  1/40 wavelength  peak. A r e s i d u a l  r i p p l e  of 
+1/40 wavelength would in t roduce  an  rms error  of  approximately 1/50 wavelength. 
This  impl ies  tha t  the  ampl i tude  of  a de fo rma t ion  wi th  the  h ighes t  spa t i a l  f r e -  
quency t h a t  can be cor rec ted  should  be no  grea te r  than  1 / 2  wavelength. 
The ac tua tor  spac ing  should  be de te rmined  idea l ly  by the  h ighes t  s p a t i a l  
frequency  of  the  deformations  that   might be expected from a l l  sources .  A l a r g e  
d i f f r ac t ion - l imi t ed  mi r ro r ,  such  as the 36-inch Stratoscope mirror  modeled i n  
f i g u r e  19, i l l u s t r a t e s  t h e  t y p e  of r e s idua l  de fo rma t ions  tha t  may be expected 
a f t e r  f i g u r i n g .  The dev ia t ion  from a b e s t - f i t  p a r a b o l a  i s  shown i n  t h e  model 
in  an extremely exaggerated scale ,  the largest  difference between maxima and 
minima be ing  equ iva len t  t o  less than 1/10 wavelength or 2 . 5  m i l l i o n t h s  of an 
inch .  
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Figure 19. Model of Residual  Deformations in 36-Inch Diffraction-Limited 
Stratoscope  Mirror  (rms  error = 1/50 h) 
33 
I 
For space Operation, the change from a g r a v i t y  t o  g r a v i t y - f r e e  e n v i r o n -  
ment may cause   s ign i f i can t   mechan ica l   d i s to r t ion .  However, a f t e r  c o r r e c t  
a l ignment  and  opera t ion  have  been  es tab l i shed ,  thermal  e f fec ts  w i l l  probably 
predominate. As was expec ted ,   thermal   e f fec ts  were n o t  t h e  l i m i t i n g  f a c t o r s  
de te rmining  cor rec t ion  range .  The p r inc ipa l  sou rces  o f  f igu re  e r ro r  fo r  t he  
laboratory experiment  were those introduced during fabricat ion and by the  
stresses introduced by the mounting s t ructure  and these may be primary sources 
o f  e r r o r  i n  a large  spaceborne  system  also.  However, the  range  of  cor rec t ion  
tha t  t he  sys t em i s  capable  of  making indicates  that  it w i l l  be p o s s i b l e  t o  
des ign  a s y s t e m  o f  t h i s  s o r t  t h a t  w i l l  be capable  of performing in  and adapt- 
ing  to  the  envi ronment  in  which  i t  is  t o  o p e r a t e .  
The actuator  placement  chosen gives  uniform spacing of  the actuators  over  
t h e   e n t i r e   m i r r o r   ( s e e   f i g u r e  2 ) .  Each a c t u a t o r  is  symmetrically  surrounded 
by o ther   ac tua tors   except   those   near   the   edge   d i scont inui ty .   This  is  not  
necessar i ly   the  opt imum.arrangement  of ac tua tors .   For   ins tance ,  when more i s  
known a b o u t  t h e  d i s t r i b u t i o n  of s t resses  due  to  the  space  envi ronment ,  i t  
might be d e s i r a b l e  t o  v a r y  t h e  a c t u a t o r  d e n s i t y  a s  a func t ion  of r a d i a l  p o s i -  
t i o n  o r  t o  add a few actuators  near  the unsupported segments  of  the mirror 's  
edge.  For  the  present,  however, the  evenly  dis t r ibuted  arrangement  shown was 
considered adequate  to  demonstrate  the control  system f e a s i b i l i t y  and t o  pro- 
duce  the  des i r ed  f ina l  f i gu re  accu racy .  
The maximum spa t i a l  f r equency  of the  deformat ion  tha t  can  be removed is  
7.5 inches per cycle based upon an actuator spacing of 3.75 inches and the 
f a c t  t h a t  a t  l ea s t  t h ree  po in t s  o f  con tac t  are requi red  to  genera te  a non-plane 
f igure  change.  The 5 8 - a c t u a t o r  d i s t r i b u t i o n  shown gives a degree  of   control  
o v e r  s t a t i c  d e f o r m a t i o n s  w i t h  a high spa t ia l  frequency component such as the  
res idua l   deformat ions   observed   in   the   S t ra toscope   mir ror   ( f igure  19) .  I n  t h e  
present case,  i t  a l s o  d e m o n s t r a t e s  t h e  a b i l i t y  of a mul t ip le - loop  cont ro l  
s y s t e m  t o  o p e r a t e  i n  a s t a b l e  mode wi th  the  number o f  ac tua to r  po in t s  t o  be 
expec ted  in  a la rger  mir ror  sys tem.  
Mirror  thickness . -  Figure 20 shows the  fo rce  r equ i r ed  to  ob ta in  a l o c a l -  
ized mirror  def lect ion of  1 wavelength as a funct ion of  mirror  thickness  when 
the   ac tua tor   spac ing  is  f ixed   a t   3 .75   inches .   Also  shown is  the  maximum s t r e s s  
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Figure 20. Force and  Stress  as a Function of  Mirror  Thickness for 
3.75-Inch Actuator  Spacing and a Localized  Displacement 
of 1  Wavelength 
t h a t  is  developed by the  1-wavelength  displacement .   Since  the  def lect ion i s  
a l i nea r  func t ion  o f  t he  app l i ed  fo rce ,  t he  r ead ings  may be mul t ip l i ed  by an 
a p p r o p r i a t e  f a c t o r  t o  g i v e  t h e  f o r c e  r e q u i r e d  t o  o b t a i n  o t h e r  small de f l ec -  
t i o n s .  
It would appear  f rom these considerat ions that  i t  i s  d e s i r a b l e  t o  m i n i -  
mize the  mi r ro r  t h i ckness ,  no t  on ly  to  r educe  the  s t ress  exer ted  aga ins t  the  
mir ror   bu t   a l so   to   min imize   the   force   requi rements  on the   ac tua to r .  However, 
a limit can be placed on t he  minimum th i ckness - to -d iame te r  r a t io  tha t  can  
p r a c t i c a l l y  be achieved by the  problems t h a t  a r i se  i n  t h e  f a b r i c a t i o n ,  i n  t h e  
support  and  measurement of t h e  m i r r o r  i n  t h e  normal grav i ta t iona l  envi ronment ,  
and  from t h e  stresses generated  in   launch.   For   the  30-inch  diameter   mirror ,  
a 1 /2- inch  th ickness  was s e l e c t e d  as a compromise  between  amplitude  of  force 
r e q u i r e d   f o r   d e f l e c t i o n ,  and d i f f i c u l t y  of f ab r i ca t ion .   Fo r   l a rge r   mi r ro r s ,  
t he  fo rces  r equ i r ed  to  ob ta in  the  same ampl i tude  loca l  de f l ec t ions  inc rease  
wi th  the  l inear  d imens ion  for  the  same d i a m e t e r - t o - t h i c k n e s s  r a t i o  and the  
same number of  actuators.   For  example,  a 120-inch  mirror,  2 inches   th ick   wi th  
15-inch actuator  spacing,  would r equ i r e  an  ac tua to r  t o  exe r t  app rox ima te ly  8 
pounds t o  o b t a i n  a l o c a l  d e f l e c t i o n  o f  1 wavelength. 
E f fec t s  of d i s c o n t i n u i t i e s  on system parameters.- D i s c o n t i n u i t i e s  have  not 
had a f i r s t - o r d e r  e f f e c t  on t h e  c o n s i d e r a t i o n s  l e a d i n g  t o  t h e  a c t u a t o r  s p a c i n g  
or   th ickness   de te rmina t ion   for   the   30- inch   mir ror .  However, t h e r e  i s  a d e f i -  
n i t e  e f f e c t  o t h e r  t h a n  making t h e  i n f l u e n c e  c o e f f i c i e n t s  more d i f f i c u l t  t o  
f i n d  a n a l y t i c a l l y .  It can be shown t h a t  t h e r e  i s  always a unique se t  of 
forces  that  can maintain the displacements  constant  a t  a l l  t h e  a c t u a t o r  p o i n t s  
except  a t  the  ac tua tor  be ing  programmed t o  move. Because a deformation  can be 
removed by removing i t s  l o c a l  components, every  ac tua tor  po in t  can  be made t o  
f i t   t h e   r e f e r e n c e   s p h e r e   i f   t h e   s y s t e m  is stable,   This  does  not  imply,  how- 
ever ,  tha t  the  s lope  of t h e  s u r f a c e  a t  each  ac tua to r  po in t  is  z e r o  o r  t h a t  a l l  
t he   po in t s  between t h e  a c t u a t o r s  f i t  t h e  r e f e r e n c e  s p h e r e .  By making t h e  f i g -  
u re  senso r  ave rage  the  e r ro r  ove r  t he  su r round ing  t e r r i t o ry  of  each actuator ,  
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the  average  d isp lacement  over  the  en t i re  mir ror  sur face  can  be zeroed since 
each  ac tua to r  w i l l  n u l l  a n  e r r o r  s i g n a l  t h a t  i s  p r o p o r t i o n a l  t o  t h e  a v e r a g e  
displacement .  
The d e v i a t i o n  of t h e  s u r f a c e  from a b e s t - f i t  s p h e r e ,  which occurs as a 
r i p p l e  be tween the  ac tua tors ,  can  therefore  be made t o  have an average value 
of  zero,   but i t s  r m s  va lue  w i l l  s t i l l  be f i n i t e .  The ampli tude  of   the r i p p l e s  
produced w i l l  be  propor t iona l  to  the  ampl i tude  of  the  loca l  d i sp lacement  re -  
moved by t h e , a c t u a t o r s  i f  t h e  s p a c i n g  r e m a i n s  c o n s t a n t .  The peak  value  of  the 
r i p p l e  introduced by each actuator has been measured to be approximately 1/20th 
of  the  loca l  d i sp lacement  of  each  ac tua tor  in  the  exper imenta l  a r rangement  for  
de t e rmin ing   mi r ro r   i n t e rac t ions .   I f   t he   mi r ro r  were unbounded, t h e  r a t i o  of 
ampli tudes of  the r ipple  and the local  displacement  would  be r e l a t i v e l y  i n d e -  
pendent  of  the  mirror  thickness and the   ac tua to r   spac ing .   S ince   t he   mi r ro r  
h a s  d i s c o n t i n u i t i e s ,  t h e  r e l a t i v e  a m p l i t u d e  of t h e  r i p p l e  w i l l  increase  some- 
what f o r  a c t u a t o r s  a d j a c e n t  t o  a free boundary (as opposed to a clamped  boun- 
d a r y ) .  The e f f e c t  w i l l  be  "worse" ( i . e . ,  l a r g e r   r e l a t i v e   a m p l i t u d e  of r i p p l e )  
f o r  t h e  d i s c o n t i n u i t y  of the  outs ide  mir ror  edge  than  for  tha t  o f  a cen te r  
h o l e .   I n   e i t h e r   c a s e  t h e  remedy is  the  same. The r i p p l e  can be reduced by 
applying a r e s t r a i n i n g  moment a t  t h e  edge to  con t ro l  t he  s lope ,  bu t  a s i m p l e r  
remedy is  t o  d e c r e a s e  t h e  a c t u a t o r  s p a c i n g  n e a r  t h e  d i s c o n t i n u i t y  i f  t h e  r i p -  
p l e  i s  objec t ionable .   In   the   p resent   exper iment ,  no adjustment was made t o  
the  ac tua to r  spac ing  nea r  t he  d i scon t inu i ty  s ince  the  inc rease  in  r i p p l e  ampli- 
tude was expec ted  to  be small and the spacing was cons idered  adequate  to  re -  
move the deformations and m a i n t a i n  t h e  r e s i d u a l  r i p p l e  below the goal  of 1 /20  
wavelength r m s  . 
Stab i l i t y  Cons ide ra t ions  
A convent ional  approach in  the synthesis  of  a control  system is t o  s e l e c t  
o r  ta i lor  the  servo  f requency  charac te r i s t ic ,  open- loop  ga in  versus  f requency ,  
s o  t h a t  t h e  minus  one poin t   in   the   Nyquis t   p lane  i s  no t  enc i r c l ed .  The  minus 
one point  can thus be  thought  of  as a c r i t i c a l  p o i n t  f o r  a s ing le  loop  con- 
t r o l l e r .  While this   techni .que is  n o t  d i r e c t l y  a p p l i c a b l e  i n  t h e  c a s e  o f  
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n in t e rac t ing  loops ,  such  as encountered with the deformable mirror  control  
system,  an  analogous  approach i s  poss ib l e .  The  method, evolved   ear ly  i n  t h e  
program, invo lves  the  se l ec t ion  o f  an  ac tua to r  cha rac t e r i s t i c  t ha t  avo ids  
encirclement of n c r i t i c a l  p o i n t s  whose l o c a t i o n s  are determined by the  mi r ro r  
and support  system under consideration. A present  necessary  assumpt ion  in  the  
approach i s  t h a t  a l l  a c t u a t o r s  i n  the system have the same c h a r a c t e r i s t i c .  
An a l t e r n a t e  a p p r o a c h  t o  s y s t e m  s t a b i l i t y  is  t o  d e c o u p l e  t h e  n a c t u a t o r  
control   loops s o  that   they  do  not   interact .   Performance  under   such  ideal   con-  
d i t i o n s  i s  t h a t  which p reva i l s  w i th  n separate control  loops,  and s tandard 
synthesis   techniques may be app l i ed .  The decoupling  can be r e a l i z e d  w i t h  an 
e l e c t r i c a l  n e t w o r k  which, i n  e f f e c t ,  mechanizes  the  inverse  of  the  matrix 
descr ibing  mirror   displacements   due  to   appl ied  forces .   These two approaches 
t o  s t a b i l i t y  s h a l l  now be d i s c u s s e d  t o  s e r v e  as a review of previous work. 
The i n t e n t  h e r e  i s  not .  mathematical  r igor  but  ra ther  the presentat ion of  basic  
i deas  tha t  enab le  a be t t e r  unde r s t and ing  o f  s y s t e m  s t a b i l i t y  and t h e  measured 
resu l t s  p re sen ted  e l sewhere  in  th i s  r epor t .  
The labora tory  sys tem fea tures  spr ing- type  ac tua tors  des igned  t o  apply 
fo rces   t o   t he   mi r ro r ,  which i t s e l f  is  a spring-mass  system.  For a s i n g l e  
actuator  system,  the  arrangement i s  as shown i n  f i g u r e  21, where t h e  a c t u a t o r  
fo rce  F produces acceleration of mirror mass M, overcomes  any  damping fo rces  
( D i )  present ,  and  overcomes the   spr ing   cons tan t   o f   the   mir ror .  The compliance 
is  denoted by X so  tha t  t he  sp r ing  cons t an t  i s  the  inve r se  of t h i s ,  whi le  m i r -  
r o r  d e f l e c t i o n  is  represented  by 6 .  The equa t ion   expres s ing   t h i s   f ac t  
can  be  rear ranged  to  obta in  the  mir ror  t ransfer  func t ion  
1 
F (S) MS +DS + - 2 1 
X 
where S i s  the  Laplac ian  opera tor  (or  j w  i n  t h e  c a s e  where only steady s t a t e  
solut ion or  performance i s  of i n t e r e s t ) .  
Actua tor  Mas S 
I 
I .  
I I 
I 
Posi t   ion   Sens r  I Compliance = X 
_I Posi t ion ,  6 
S t a b i l i t y  When  Minus'/ 
is  Not Enci rc led  By 
Since Roots of Denominator Have 
Negative Real Parts 
F igure  21. Single   Actuator  Loop 
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The r e s p o n s e  t o  a fo rce  inpu t  is, i n  g e n e r a l ,  s e e n  t o  be a complex  one 
involving  both  amplitude  and  phase,  exce t a t  very  low f r e q u e n c i e s .  I n  t h i s  
domain,  where S is  much smaller than  &$ and 2 t h e  t r a n s f e r  f u n c t i o n  re- 
duces t o  
which means t h a t  d e f l e c t i o n  i s  r e l a t e d  t o  a p p l i e d  f o r c e  by the numerical  con- 
s t a n t  X, the   mir ror   compl iance   (v iz ,   inches   def lec t ion  p e r  pound of f o r c e ) .  
The labora tory  demonst ra t ion  model of the deformable mirror  control  system i s  
opera ted  a t  very  low frequency, compared t o  m i r r o r  n a t u r a l  v i b r a t i o n a l  f r e -  
quencies and, t he re fo re ,  is we l l  w i th in  the  two f requency   cons t ra in ts   g iven  
above. Hence, t h e   d e f l e c t i o n  6 a t  poin t  i, due t o   a n   a p p l i e d   f o r c e  F a t  
po in t  j ,  can be expressed as 
i j  j 
b i j  = X. .F 
1J  j 
In  gene ra l ,  t he  de f l ec t ions  a t  t he  n appl ied  force  poin ts  due  to  the  n appl ied  
fo rces  are r e p r e s e n t a b l e  i n  m a t r i x  n o t a t i o n  as 
or 
- 
x1 1 
x2 1 
51 
x1 2 '1 3 
x22 '2 3 
%2 
'n2 
. . . Xln 
. . . X2n 
* 'nn 
F1 
F2 
F3 
F n 
" 
[SI = [q [F] 
or,  more s imply ,  wi th  mat r ix  nota t ion  
6 = x F  
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For  the  
and the 
s p e c i a l  case where n = 1 t h e  m i r r o r  t r a n s f e r  f u n c t c o n  is  
6 - = x  
F 
expres s ion  r e l a t ing  ou tpu t ,  6, and input, 6 in, pos it ions 
l o o p  a c t u a t o r  c o n t r o l l e r  is 
of a s i n g l e  
6 FORWARD LOOP GAIN GX 
” 
‘in - 1+OPEN LOOP GAIN - 1 + GX 
- 
Such a loop i s  obtained, as shown by f i g u r e  21, w i th  the  add i t ion  of a p o s i t i o n  
s e n s o r  ( t h e r e  shown wi th  un i ty  t r ans fe r  func t ion  fo r  conven ience )  and an actua- 
t o r  w i t h  t r a n s f e r  f u n c t i o n  G .  S t a b i l i t y  p r e v a i l s  i n  s u c h  a system when the  
Nyquist   plot   of  the  open-loop  gain,  GX, does  not  enc i rc le  the  minus 1 po in t .  
T h i s  c r i t e r i o n  i n s u r e s  t h a t  t h e  r o o t s  of the  denominator are well behaved, 
i .e.,  l i e  i n  t h e  l e f t  h a l f  S plane and  have  positive  damping.  Non-well-behaved 
roots ,  such  as those  ind ica t ing  ou tpu t  fo r  ze ro  inpu t  and t h e r e f o r e  i n s t a b i l i -  
ty ,   a re   thus   avoided .  
Two po in t s  are now worth not ing as an  a id  in  fo l lowing  subsequent  d i scus-  
s i o n .  F i r s t ,  if the  denominator had  been [ 2  + GXI ,  well-behaved  roots would 
have been obtained with a G X  locus which does not  encircle  the minus 2 p o i n t .  
Second, i f  the  denominator had consisted  of two, r a t h e r  t h a n  one such  fac tor  
( v i z , [ l  + GX][2 + GX], two c o n s t r a i n t s  f o r  s t a b i l i t y  would  have  been r equ i r ed ;  
t h a t  is, wel l -behaved roots  would  have  been  generated  (from  the f i r s t  term) i f  
G X  d i d  n o t  e n c i r c l e  t h e  minus 1 point  and (from the second term) i f  GX did not  
e n c i r c l e  t h e  minus 2 p o i n t .  Here t h e r e  are two c r i t i c a l  p o i n t s ,  t h e  minus 1 
and t h e  minus 2 points,  where each corresponds to or arises from a s e p a r a t e  
denominator  fac tor .  
I f  i n  t h e  s i n g l e  l o o p  c a s e  t h e  a c t u a t o r  c h a r a c t e r i s t i c  i s  of t h e  i n t e -  
gra t ing  type ,  A/S, s t a b i l i t y  s h o u l d  be expected s ince the A X/S locus does no t  
e n c i r c l e  t h e  minus 1 po in t .  Th i s  is  depi.cted by f i g u r e  22 from  which it  is 
a l s o  e v i d e n t  t h a t  many o ther  candida te  choices  for G w i l l  provide a s t a b l e  
sys  tern. 
4 1  
-1 
w 
I Frequency 
Inc reas ing  
p A d s  P l o t  
Figure  22.   Nyquist  Diagram 
A typ ica l  implementa t ion  for  th i s  sys tem would  be as shown i n  f i g u r e  2 3 .  
Here a. pos i t i on   s enso r   de t ec t s   d i sp l acemen t   e r ro r s  S a t  poin t  1 and provides  
an   ac tua to r   i npu t   s igna l   fo r   gene ra t ion  of c o r r e c t i v e   f o r c e  F For a two 
actuator arrangement,  bbtained by adding a second sensor and a c t u a t o r  (shown 
wi th  dashed  l i nes ) ,  t he  s i t ua t ion  i s  a b i t  more  complex i n  t h a t  one  must a l s o  
11 
1' 
c o n s i d e r   t h e   e f f e c t  of d e f l e c t i o n  6 int roduced a t  poin t  2 due t o  f o r c e  F 
and v i c e  versa. 
2 1  1 
A r ep resen ta t ive  b lock  d i ag ram fo r  t h i s  ca se  would  be as shown i n  f i g u r e  
24  where  the  to t a l  de f l ec t ion  6 ,  a t  po in t  1 has components F X and  F2%2  due 
t o   f o r c e s  a t  F and F r e s p e c t i v e l y .  The t o t a l   d e f l e c t i o n   a t   p o i n t  2 is  simi- 
l a r l y   r e l a t e d   v i a  X and X t o   f o r c e s  F and F A s  shown, t h e   r r o r s  E and 
E a t  po in t s  1 and 2 are determined by t h e  t o t a l  d e f l e c t i o n s  p l u s  p o s s i b l y  some 
d i s tu rbances   (o r   fo rc ing   func t ions )   r ep resen ted  by D and D2. The f igure   sen-  
s o r  w i l l  be  assumed t o  have a t r a n s f e r  f u n c t i o n  s i g n  of minus t o  o b t a i n  nega- 
1 11 
1 2' 
2 1  22 1 2 '  1 
2 
1 
t ive  feedback ,  and an amplitude of unity s o  t h a t  t h e  a c t u a t o r  c h a r a c t e r i s t i c  
can be expressed as G .  It should be noted  aga in  tha t  G is a func t ion  of  S ( o r  
jw), whi le  the  mir ror  mat r ix  fac tors ,  Xij, are simply real  numbers. 
Now l e t  t h i s  two ac tua tor  sys tem,  ra ther  than  the  ac tua l  N a r ray ,  be con- 
s i d e r e d  i n  o r d e r  t o  d e r i v e  a s t a b i l i t y  c r i t e r i o n  o r  s y n t h e s i s  c o n s t r a i n t  a n a l o -  
gous to  non-encirclement  of the  minus 1 Nyquist  point .  
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F i g u r e  23. Typical System  Arrangement 
\ 
Figure 24. Two-Loop Block Diagram 
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The  equations  characterizing  the  system  are 
XllFl + X.,2F2 + Dl = E = - 1 
X F + X  F + D 2 = E  = - -  L 2 2  22 2 2 G2 
A standard  method  of  solution  is  to  arrange  and  group  terms  containing'F  as 
indicated  below 
i 
+ X12F2 = -Dl 
X 2 1  F 1 + [x22 + $-] F2 = -D 
2 2 
and  express  the  solution  for 
de t 
F1 = - 
de t 
F. as  the ratio of  determinants:  viz, 
1 - 
- x12 
- -D2 (x22 + ',I G2 
(31 + &) x12 1 
The  denominator is  the  determinant  farmed  from  the  coefficients  of F and F 
while  the  numerator  determinant is identical  except  that  the  coefficients  of F 
are  replaced  by  the  forcing  functions  minus D and  minus D 
1 2' 
* i 
1 2 * .  
* 
This  solution is  obtained,  using  matrix  analysis, as folLows 
where 
+ q 
G2/ 
and  stability  is  usually  indicated  by  the  roots  of  the  characteristic  equation 
formed  by  setting  the  denominator  determinant  equal  to  zero. 
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The r e s u l t i n g  form f o r  t h e  s o l u t i o n  o f  F is  t h u s  s e e n  t o  c o n s i s t  o f  a i 
numerator  funct ion P invo lv ing  the  d i s tu rbances ,  some o f  t h e  c o e f f i c i e n t s  
'ij 7 and  the  ac tua to r  
Fi - 
More impor tan t ly ,   the  
c h a r a c t e r i s t i c ;  i .e ., 
denominator is seen  to  be  a polynominal i n  G, o r  more 
p r e c i s e l y  1 /G ,  and the numerical  factors of the mirror compliance matrix.  
Here, a l l  the actuators  have been assumed t o  have  equal  t ransfer  func t ions  
i n  o r d e r  t o  o b t a i n  t h e  i n d i c a t e d  form of the  denominator .   For   s implici ty ,  now 
assume t h a t  X,1 7 %2 = 1, i n  which case 
o r  e q u i v a l e n t l y  
where the denominator has been factored. 
In  the  spec ia l  ca se  where t h e  a c t u a t o r s  are o f  t he  in t eg ra t ing  type  
(G = -), the denominator roots are c l e a r l y  well behaved, having negative rea l  1 S 
parts  and t h e r e f o r e  p o s i t i v e  damping, as long as fGl Y e 1. More s p e c i f i c a l -  
l y ,   t he   roo t s  
Hence, i t  can 
are 
be concluded that a two l o o p  s y s t e m  u t i l i z i n g  a c t u a t o r s  of char- 
a c t e r i s t i c  11s w i l l  be s t a b l e  as long a6 ,/-; e 1. This  is  a l l  very  well 
and good, bu t  a more important  quest ion to  answer i s  what o t h e r  c h a r a c t e r i s t i c s  
also l e a d  t o  a s t a b l e  s i t u a t i o n .  The answer t o  t h i s  becomes m o r e . e v i d e n t  i f  . 
both  the  numerator and  denominator  of  the  previous  equation  for F are m u l t i -  
p l i e d  by G ( o r  Gn i n  t h e  more g e n e r a l  c a s e )  t o  o b t a i n  2 
i 
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and then,  s imilar ly ,  both divided by the product  of  the G c o e f f i c i e n t s ,  
t o  y i e l d  
and  minus c r i t i ca l   po in t s .   Non-enc i r c l emen t  of t h e   f i r s t   p o i n t  is 
r equ i r ed  t o  avo id  uns t ab le  roo t s  from t h e  f i r s t  d e n o m i n a t o r  term. A similar 
cons t r a in t ,  r ep resen ted  by the  second  point,   insures  stable  roots  from  the 
second  denominator   fac tor .   In   the   genera l   case ,  where the  number of  loops is  
n, t h e r e  are n denominator  factors  and t h e r e f o r e  n c o n s t r a i n t s ,  o r  c r i t i c a l  
p o i n t s  t h a t  must no t .be  Nyqu i s t  enc i r c l ed  when choosing an appropriate  G .  
The whole po in t  of t he  above d i scuss ion  is  t h a t  the  mir ror  (and  s t ruc ture)  
numerical  compliance matrix terms alone determine t h e  c r i t i c a l  p o i n t s  t o  be 
avoided when s y n t h e s i z i n g   t h e   a c t u a t o r   c h a r a c t e r i s t i c .   F i g u r e  2 5  r ep resen t s  
the  two-loop  actuator  example and  shows t h a t  t h e  c r i t i c a l  p o i n t s  d e p a r t  from 
t h e  minus 1 po in t  as i n t e r a c t i o n  between  channels i s  increased.  With a mod- 
erate amount of coupl ing ( X  X <I) t he   po in t s  are loca ted  as shown and G = 1/S 12 2 1  
w i l l  n o t  e n c i r c l e  e i t h e r .  T h i s  is not   unexpected  in   l ight   of   the   previous  dis-  
cuss ion .  However, o t h e r   s u i t a b l e   c h o i c e s   f o r  G are possible   including  an  in-  
t e g r a t i n g  t y p e  a c t u a t o r  w i t h  a lag- lead- lag  ne twork  in  cascade .  The l abora to ry  
demonstration deformable mirror hardware,  i t  should be noted, has such a G 
c h a r a c t e r i s t i c .  T h i s  c h a r a c t e r i s t i c  is a l s o  shown i n  f i g u r e  26, a more genera l  
d i ag ram app l i cab le  to  the  n ac tua tor  case .  For  such  a sys t em the  ove ra l l  e f -  
f e c t  of i n t e r a c t i o n  o r  m i r r o r  c r o s s t a l k  c a n  be considered as a breakup of t h e  
minus 1 p o i n t  i n t o  a n  a r r a y  o f  c r i t i c a l  p o i n t s .  T h i s  is i n d i c a t e d  i n  t h e  
f i g u r e  by arrows from the minus 1 p o i n t  t o  t h e  c r i t i c a l  p o i n t s  shown i n  t h e  
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l e f t  h a l f  p l a n e .  T h i s  l o c a t i o n  is no t  en t i r e ly  unexpec ted  s ince  the  mi r ro r  
w i th  suppor t ing  s t ruc tu re  is pass ive  and  s t ab le  by i t s e l f .  
The eigenvalues   of   the   present   mirror  were found t o  a l l  l i e  a long  the  
p o s i t i v e  rea l  axis and so are r ep resen ted  by t h e  c r i t i c a l  p o i n t s  shown by t h e  
do t s ,   r a the r   t han   t he  circles, i n   t h e   f i g u r e .  Hence, poss ib l e   cho ices   fo r  G 
i nc lude  ampl i f i ca t ion  wi th  s ing le  l ag ,  i n t eg ra t ion ,  and  the  implemented i n t e -  
gra t ion   p lus   l ag- lead- lag   ne twork .  The foregoing  approach was u t i l i z e d  t o  p r e -  
d i c t  t h a t  t h e  l a b o r a t o r y  model cont ro l  sys tem would  be s t ab le  wi thou t  t he  
decoupl ing  (or   crossfeed  or   feedforward)   network.  It  i s  wor th   no t ing   tha t   the  
c r i t i c a l  p o i n t s  are the  nega t ive  inverse  of t he  e igenva lues  of the  mir ror  
force-to-displacement  matrix,  whose terms are  rea l .  numbers i n  t h e  low f r e -  
quency range of control. 
An i m p o r t a n t  a s p e c t  t o  t h e  s t a b i l i t y  d i s c u s s i o n  a b o v e  i s  tha t  t he  sys t em 
is an   i n t e rac t ing   one .  Hence, a fo rc ing   func t ion   such   a s  a s t e p  e r r o r  i n t r o -  
duced into the system can produce a r e s p o n s e  e i t h e r  a t  t h i s  o r  ano the r  po in t .  
The p r e d i c t i o n  of  expected  responses, i t  should be noted,   thus   involves   the 
s o l u t i o n  of e s sen t i a l ly  an  n th  o rde r  de t e rminan t ,  some of whose terms are 
func t ions  of frequency. The a s soc ia t ed  amount  of e f fo r t   i nvo lved   i n   do ing  
t h i s  is  s i g n i f i c z m t l y  g r e a t e r  t h a n  d e t e r m i n i n g  c r i t i c a l  p o i n t s  from the numeri-  
ca l  mir ror  mat r ix ,  X .  
An a l t e r n a t e  a p p r o a c h  t o  s t a b i l i t y  i n v o l v e s  t h e  u s e  o f  a decoupl ing  ne t -  
work, which i n  e f f e c t  implements X-'., t he   inverse  of the   mir ror   mat r ix  X. The 
a t t r a c t i v e  f e a t u r e s  of th i s  approach  inc lude  non- in te rac t ion  of channels,  simi- 
1-ar responses  of a l l  channe l s  i f  des i r ed ,  and p o t e n t i a l l y  improved s t a b i l i t y .  
Since X is no t   f r equency- sens i t i ve ,   ne i the r  is X and i t s  mechanization  need 
invo lve  on ly  r e s i s to r s  (t.hus  avoiding the complicat ion and expense of reactive 
elements as w e l l ) .  The inverse  network  can be thought of as a c i r c u i t ,  a s  shown 
i n  f i g u r e  27, which f o r  s given e gene ra t e s   an   a r r ay  of ac tua to r   i npu t  
d r i v i n g   s i g n a l s .  The pa . r t icu las  a r ray  generated,  moreover, i s  t h a t  which w i l l  
cause a force   a r ray   tha t   changes   the   mir ror   d i sp lacement  a t  po in t  i only.  This 
w i l l  be t h e  c a s e  i f  t h e  a c t u a t o r s  have equol  react ion times (or  G c h a r a c t e r i s -  
t i c s )  s o  tha t  co r rec t ive  fo rces  a re  app l i ed  in  p rope r  r e l a t ive  phase  o r  a t  t he  
same rel .atj .ve rates, s o  t o  speak .  Hsnce, i t  is conc luded   t ha t   i f  a11 G 
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c h a r a c t e r i s t i c s  are equal ,  mir ror  d i sp lacement  e r rors  a t  any point  w i l l  be 
co r rec t ed   w i thou t   e f f ec t s  a t  o t h e r  p o i n t s .  However, many a c t u a t o r s  w i l l  be 
s imul t aneous ly  d r iven  to  accompl i sh  th i s  end .  
An e r r o r  a t  6 on the   o the r  hand, w i l l  d r ive   on ly  one a c t u a t o r  and  pro- 
i B'
duce   an   a r ray   o f   e r rors   tha t   ac t   th rough  the   ne twork  X t o  produce a cor rec-  
t i v e   r e a c t i o n  R o n l y   a t   p o i n t  i B .  This   occurs   whether   or   not  equal G 
c h a r a c t e r i s t i c s  e x i s t  s i n c e  t h e  m i r r o r  m a t r i x  and i t s  inverse  are e f f e c t i v e l y  
in  cascade ,  and t h e r e f o r e  are e q u i v a l e n t  t o  n s t ra ight - through (non-  
in t e rac t ing )   connec t ions .  
-1 
i B  i 
The s t a b i l i t y  of the system can be i n v e s t i g a t e d  by cons ide r ing  r eac t ions  
t o  e i t h e r  C o r  CiB inputs ,  i . e  ., i n  t h e  f i r s t  case  (and  using matrix nota-  
t ion) ,  
i A  
-1 
R = XGX-'( CA- R ) , or R = [ 1 + XGX-'] XGX -1 cA A A A 
whi le  in  the  second case  
-1 -1 
R~ = - X  X G ( C ~ +  R B1, or  R~ = -p + x-'xG] X-'XGCB 
Each  of these  express ions  involves  an  inverse  mat r ix  having  a matrix numerator,  
determined  in   s tandard  fashion,  p l u s  a determinant  in  the,denominator  from 
which   t he   sys t em  s t ab i l i t y   ( roo t s )  i s  d e t e r m i n e d .   S i n c e   t h e   s t a b i l i t y  of t h e  
system  should  not  depend upon where d i s tu rbances  are introduced, i t  can be 
expec ted  tha t  i den t i ca l  roo t s  w i l l  evolve from the  two denominator determinants,  
d e t  rl + X-IXG] i n  t h e  f i r s t  c a s e  and 
d e t  [ l  + xGX-'] i n   t he   s econd   ca se .  
This  can be readi ly  shown s i n c e  t h e  f o l l o w i n g  r e l a t i o n s h i p s  h o l d .  
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Hence 
det [ 1 + X-lXG] = det [l + G] = det [: X-lX + G] 
= det  X -1 [1 + XGX-'] X 
= det X-' det [l + XGX-'] det  X 
In both  cases,  then,  the  denominator  determinant  is  equal  to 
det [1 + K-lXG] = det [1 + G) 
which is  expressible  as 
if  the G matrix is a  diagonal  one.  Hence,  stability  will  prevail  even  with 
different  actuator  characteristics  as  long  as  all  the  characteristics  chosen 
do not  encircle  the  minus  Nyquist  point. 
The synthests  procedure  reduces  then  to  that  involved  with  n  separate 
servo  loops .
Control  System  Design  Considerations 
The  control  system  study  indicated  that  it  was  feasible  to  control  the 
deformation  of  a  solid  thin  mirror.  After  consideration  of  several  approaches, 
it  was  decided  to  proceed  with a  diagonalized  multi-dimensional  control  system. 
A diagonalized  multi-dimensional  control  system is  one  that  achieves  indepen- 
dent  displacement  at  each  actuator  despite  elastic  interaction  that  takes  place 
within  the  mirror.  This  ideal  system  is  achieved  by  introducing  between  the 
channels  crossfeeds  or  interconnections  that  negate  the  mirror  interactions. 
Thus,  the  ideal  diagonalized  control  system  has no net  interactions  betwc.en 
channels. 
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Prov i s ion  was a l s o  made fo r  con t ro l l i ng  the  sys t em wi thou t  c ros s feeds  
so  tha t  t he  r e sponse  of the system could be observed with and without the 
decoupl ing provided by the  d i agona l i za t ion .  
Complete d i agona l i za t ion  was not  a t tempted,  s o  t h a t  t h e  number of  cross-  
feeds  could be l i m i t e d  t o  a manageable  number. The ex ten t  of  decoupiing re- 
qui red  fo r  s t a b i l i t y  was no t  known; the re fo re ,  t he  number of crossfeeds  chosen 
was somewhat a r b i t r a r y  f o r  t h e  f i r s t  e x p e r i m e n t .  The de termina t ion   of   the  
c ross feed  va lues  i s  d i s c u s s e d  i n  a subsequent  sec t ion .  
The idea l ly  d i agona l i zed  s y s t e m  w i l l  always  be s t ab le  i f  t he  independen t  
channels are s t a b l e  and w i l l  t r ack  d i sp lacemen t  e r r a r s  u a t i l  they converge to  
ze ro  o r  a r e   n e g l i g i b l e .  Component var ia t ions ,   to le rances ,  and ignorance  of 
t h e  m i r r o r ' s  i n f l u e n c e  c o e f f i c i e n t s  w i l l  cause a phys i ca l ly  r ea l i zab le  sys t em 
t o  h a v e  r e s i d u a l  i n t e r a c t  i o n s ,  however.  These res i d e a l  i n t e r a c t i o n s  d e c r e a s e  
the  channel  independence  and become a s o u r c e  o f  p o t e n t i a l  i n s t a b i l i t y .  
An a n a l y s i s  of the  depar ture  of the  system parameters from t h e  i d e a l  d i -  
agonal ized  sys tem es tab l i shes  a limit t o  t h e  maximum allowabl-e percent varia- 
t ion-   in   the  compensat ing  network  res is tor   values .  The a n a l y s i s  a l s o  shows 
t h a t ,  s u b j e c t  t o  t h e  equal. gain  blocks  in   each  channel ,   c lass ical   s ingle- loop 
feedback analysis  and syn thes i s  methods may be appl ied in  designing the system 
t o  o b t a i n  a des i red  t rans ien t  per formance .  
Force and displacement concepts in the selection of a t h in  mi r ro r  fLex 
actuato_+l- The bas i c  con t ro l  sys t em conf igu ra t ion  i s  as shown i n  f i g u r e  28 .  
The mir ror  i s  a 30- inch   d iameter ,   1 /2- inch   th ick ,   fused-s i l ica ,   spher ica l ,   F /3  
r e f l e c t o r .  It. is  con t ro l l ed  by 11 a c t u a t o r s  where n has been s e l e c t e d  as 58. 
The t h i n  m i r r o r  f l e x  a c t u a t o r  c a n  be idea l i zed  in  gene ra l  by de f in ing  
fo rce  and d isp lacement  ac tua tors  in  terms of t h e i r  r e l a t i v e  s p r i n g  c o n s t a n t s .  
The actuator  motor  can produce ei ther  a fo rce  or a displacement .  The force  or  
displacement can be cons idered  to  be working i n  p a r a l l e l  w i t h  a s p r i n g  and 
mass in  the  mob i l i t y  ana logy  ( fo rce  = cur ren t ) ,  or  i n  s e r i e s  w i t h  a s p r i n g  and 
mass i n   t h e   c l a s s i c a l   a n a l o g y   ( f o r c e  = v o l t a g e ) .  If the   sp r ing ' s   cons t an t  i s  
much greater  than the other  spr ing constants  of  the system, the actuator  is 
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Figure 28. Control  System  Configuration f o r  Thin  Deformable  Mirror. 
c o n s i d e r e d   t o  be a "displacement"   actuator .  A piezoe le t r ic   e lement   can   be  
used t o  p r o v i d e  e s s e n t i a l l y  d i s p l a c e m e n t  a c t u a t i o n .  I f  t h e  s p r i n g  c o n s t a n t  
is much lower than the other  spr ing constants  of  the system, the actuator  i s  
cons ide red  to  be  a " force"  ac tua tor .  An example  of tbis type  of  ac tua tor  is  a 
motor-controlled  lead  screw,  which  drives a v e r y  s o f t  s p r i n g .  The p r o p e r t i e s  
of t h ree  ac tua to r  t ypes  cha rac t e r i zed  by t h r e e  d i f f e r e n t  r e l a t i v e  s p r i n g  con- 
s t a n t s  are developed below: 
High spr ing   cons tan t   (d i sp lacement   ac tua tor ,  see f i g u r e   2 9 a ) :   I n   t h i s  
case  a displacement-producing device i s  approximated by s e t t i n g  t h e  s p r i n g  
c o n s t a n t  h i g h  w i t h  r e s p e c t  t o  t h e  o t h e r  s p r i n g  c o n s t a n t s  o f  the  system.  In  
th i s  conf igu ra t ion ,  t he  d i sp lacemen t  s t e p  s i z e s  are v e r y  n e a r l y  e q u a l  i n  s i z e  
to  those  d i sp lacemen t s  t ha t  a r e  p roduced  in  the  mi r ro r ,  and a displacement  pro- 
duced a t  one p o i n t  h a s  r e l a t i v e l y  l i t t l e  e f f e c t  on the displacement  of  other  
a c t u a t o r  p o i n t s .  The fo rces  app l i ed  to  the  mi r ro r  a t  each   ac tua tor   po in t ,  
however, are def in i te ly   dependent  upon the   o ther   ac tua tor   d i sp lacements .   This  
means tha t  the  in te rac t ion  due  to  mechanica l  coupl ing  through the  mir ror  i s  
au tomat i ca l ly  accommodated s o  t h a t  a local displacement can be obtained a t  any 
po in t  by programming a s i n g l e  a c t u a t o r  a t  t h a t  p o i n t .  It is  assumed t h a t  t h e  
backing p la te  is  v e r y  r i g i d  i n  t h i s  c a s e  and t h a t  a component r ep resen t ing  the  
backing p la te  r i g i d i t y  is  inc luded  in  the  ac tua to r  sp r ing  cons t an t .  
The h i g h e s t  s p r i n g  c o n s t a n t  i n  t h e  0 . 5 - i n c h - t h i c k  m i r r o r  i s  tha t  cons t an t  
I 
,' assoc ia t ed  wi th  a displacement of a s i n g l e  a c t u a t o r  w i t h  a l l  of   the  other  
ac tua to r s   he ld   f i xed .  The d i sp lacemen t - fo rce   r e l a t ionsh ip  for t h i s   c a s e  is  i approximately  10  microinches  displacement  with a 1 pound force   for   3 .75- inch  
actuator   spacing.   This   gives  ir spr ing   cons tan t   o f  100,000 pounds per inch .  
I f  a n  e f f e c t i v e  a c t u a t o r  s p r i n g  c o n s t a n t  of a t  least 10 times t h i s  v a l u e  i s  
des i red  to  approximate  a d isp lacement  ac tua tor ,  the  ac tua tor  and  backing p l a t e  
toge the r  m u s t  p resent  a sp r ing   cons t an t  of 10 pounds p e r  inch .   This   requi res  
a backing p la te  w i t h ' t h e  r i g i d i t y  o f  a 2- inch  th ick  s teel  plate  and a c t u a t o r s  
w i t h  t h e  r i g i d i t y  o f  a 1- inch-long by 0.5- inch-diameter  glass  rod.  
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As t h e  s i z e  o f  t h e  m i r r o r  i n c r e a s e s ,  t h e  e f f e c t i v e  t h i c k n e s s  of t he  
back ing  p l a t e  w i l l  s ca l e  approx ima te ly  p ropor t iona l ly  i f  t he  number of actua-  
t i on  po in t s  r ema ins  the  same. This would reduce the weight-saving advantage 
t o  be ob ta ined  wi th  an  ac t ive  op t i ca i  sys t em u t i l i z ing  a th in  deformable  
mi r ro r .  
Spring constant  equal  to  the approximate magnitude of t h e  o t h e r  s p r i n g  
constants  of  the  system (see f igure   29b) :  I n  th i s   case ,   the   d i sp lacement  s t e p  
s i z e  is  l a r g e r  t h a n  t h e  d i s p l a c e m e n t s  c r e a t e d  i n  t h e  m i r r o r .  Both t h e  s t e p  
s i z e  and t h e  a p p l i e d  fo rces   depend   s t rmgly  upon a l l  t h e  a c t u a t o r s .  I n  g e n e r -  
al ,  ne i ther  the  d isp lacement  nor  the  force  appl ied  is a unique funct ion of t h e  
d r i v e   a p p l i e d   t o  a p a r t i c u l a r   a c t u a t o r .  One p a r t i c u l a r   c o n f i g u r a t i o n ,  however, 
does  p rov ide  the  independen t  d i sp l acemen t  cha rac t e r i s t i c  obse rved  in  the  f i r s t  
case .  This  conf igura t ion  uses  a v e r y  s t i f f  a c t u a t o r  and a b a c k i n g  p l a t e  t h a t  
has  the same r e l a t i v e   d i s p l a c e m e n t   c h a r a c t e r i s t i c s  as the   mi r ro r .   Tha t  is ,  
the shape of the displacement a t  any poin t  is  t h e  same as the corresponding 
poin t  on the  mi r ro r  f o r  a g iven  force  conf igura t ion .  The o n l y  p r a c t i c a l  way 
t o  o b t a i n  t h i s  same d i sp lacemen t  cha rac t e r i s t i c  i s  t o  u s e  a b a c k i n g  p l a t e  t h a t  
i s  i d e n t i c a l  t o  t h e  m i r r o r .  '(h i n f i n i t e l y  r i g i d  b a c k i n g  p l a t e  t h a t  has  the 
"same" shape  bu t  ze ro  ampl i tude  a l so  sa t i s f i e s  t h i s  r equ i r emen t  bu t  has  a l -  
ready  been  cons idered  in  the  f i r s t  case . )  The advantage  th i s  sys tem presents  
is  aga in  the  au tomat i c  l oca l i za t ion  of t h e  a c t u a t o r  e f f e c t  ( i f  t h e  a c t u a t o r s  
themselves  a re  very  r ig id) ,  as i n  t h e  f i r s t  c a s e ,  w i t h o u t  a h i g h l y  r i g i d  and, 
consequent ly ,   massive  backing  plate .  
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The backing plate should be of t h e  same m a t e r i a l  and geometry as t h e  mir- 
r o r .  The mounting  arrangement would  be r e s t r i c t e d  and probably complex i n  
o r d e r  t o  m a i n t a i n  t h e  symmetry  between  mirror  and  backing p l a t e .  The actu.a- 
t o r s  mus t  have  .the same c h a r a c t e r i s t i c s  r e q u i r e d  f o r  t h e  f i r s t  c a s e  a b o v e .  
Low sp r ing   cons t an t   fo rce   ac tua to r   ( s ee   f i gu re  2 9 c ) :  I n   t h i s   c a s e ,  a 
f o r c e  a c t u a t o r  is  approximated by s e t t i n g  t h e  a c t u a t o r  s p r i n g  c o n s t a n t  v e r y  low 
w i t h  r e s p e c t  t o  t h e  o t h e r  s p r i n g  c o n s t a n t s  of the system. In t h i s  c o n f i g u r a t i o n  
t h e  s i z e  of the  ac tua tor  d i sp lacement  s t e p  i s  much l a rge?  than  the  co r rec t ions  
a p p l t e d  t o  t h e  m i r r o r .  The force   appl ied  a t  a g iven   ac tua tor  i s  dependent  upon 
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t h e  c o n t r o l  of t h a t  a c t u a t o r  and i s  r e l a t ive ly  independen t  of t he  fo rces  
exe r t ed  by t h e   o t h e r   a c t u a t o r s .  The displacement  produced,  however, is  de- 
pendent upon t h e  e f f e c t s  of a l l  t h e  a c t u a t o r s .  The displacements   of   the  m i r -  
r o r  s u r f a c e  are essent ia l ly  independent  of  changes  in  the  shape  of the backing 
p l a t e .  
Consider ,   for  example, the  30-inch  diameter,   0.5-inch-thick  mirror  having 
a c t u a t o r s  on 3 .75- inch  centers  appl ied  to  the  mir ror  th rough spr ings  tha t  have  
a rate of 4 pounds p e r  inch.  A displacement  of  the backing plate  of  1 x 10 - 3  
inch can give a maximum mifror  displacement  of  1/100 w a v e l e n g t h  f o r  t h i s  con- 
f igura t ion .  This  does  not  represent  a v e r y  s t r i n g e n t  t o l e r a n c e  f o r  t h e  dimen- 
s i o n a l  s t a b i l i t y  of the backing p la te  and,  consequently, i t  can  be a r e l a t i v e l y  
f l e x i b l e  s t r u c t u r e .  
The basic  advantage of  the force actuat ion approach i s  t h a t  t h e r e  is  no 
requirement  for  a re la t ive ly  mass ive  backing  p l a t e  and t h e r e  i s  no  necess i ty  
for  correct ion of  changes in  mirror  f igure due to  the displacememts of  the 
backing p la te .  I n  t h e  f o r c e  a c t u a t i o n  s y s t e m ,  t h e  p r e c i s i o n  m i r r o r  i s  the  na t -  
u ra l  r e s t r a in ing  sp r ing  tha t  conve r t s  fo rce  in to  d i sp lacemen t ;  t he re fo re ,  it 
appeared worthwhile  to  develop the force actuator  method expe r imen ta l ly  s ince  
i t  preserves the weight-saving advantage of the Active Optical  approach. 
T h i s  discussion has been in terms of a mir ror  p lus  a backing o r  r e a c t i o n  
p l a t e .   I n  a t res t le -a r rangement   suppor t   s t ruwture   ( f igure  3 0 ) ,  t h e r e  i s  no 
backing p la te ,  and in t e rac t i cn   t akes   p l ace   be tween   ac tua to r   g roups .   Ac tua to r s  
can work in  over lapping  groups  to  reduce  coupl ing ,  and the groups of actuators 
r eac t   t h rough   t he   mi r ro r   i t s e l f .   Th i s   a r r angemen t  was no t   u sed   fo r   t h i s   expe r i -  
ment s i n c e  it d o e s  n o t  a l l o w  f l e x i b i l i t y  i n  making  comparative tes ts  with 
va ry ing  ac tua to r  numbers  and spac ings .  
Cons idera t ion  of  the  ac tua tor  type  t o  be  employed l e d  t o  t h e  c h o i c e  be- 
tween force  or   displacement   type  output .   Very  high  s t i f fness   actuators   have 
been shown t o  imply  heavy  supports.  This l a t te r  requirement is perhaps un- 
r e a l i s t i c  i n  a space  app l i ca t ion  where conservation of payload is important .  
Therefore,  a fo rce   t ype   ac tua to r  was used  in   t h i s   expe r imen t .  The major 
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Figure  30. Trest le  Actuator  Support Mockup 
disadvantage  of  the  force  output  ac tua tor  is  tha t  d i sp l acemen t  in t e rac t ion  
w i t h i n  t h e  m i r r o r  i n t r o d u c e s  t h e  p o s s i b i l i t y  o f  i n s t a b i l i t y  i n  t h e  c o n t r o l  
system. One of  the  pr imary  func t ions  of  the  cont ro l  sys tem then  was t o  
nega te  the  mi r ro r  i n t e rac t ion  by d e l i b e r a t e l y  i n t r o d u c i n g  i n t e r a c t i o n s  i n  a 
suitable compensation network. 
Control  system select ion.-  The basic  control  problem was t o  a c c u r a t e l y  
sense  a m i r r o r ' s  f i g u r e  and t o  p r o v i d e  a means t o  deform i t s  shape s o  as t o  
insure  an  r m s  f i g u r e  e r r o r  o f  less than 1/20th of a wavelength. 
The main d i f f i c u l t y  i n  a c h i e v i n g  t h i s  o b j e c t i v e  was c o n s i d e r e d  t o  be the  
mir ror ' s   in te rna l   d i sp lacement   in te rac t ion .   Severa l   poss ib le   approaches   to  
o b t a i n i n g  t h e  o b j e c t i v e ,  i n  s p i t e  o f  t h e  d i f f i c u l t y  o f  mi r ro r  i n t e rna l  i n t e r -  
a c t i o n  are: 
( a )  N independent ,   cont inuously- t racking  feedback  loops 
(b)  A sampling  adaptive sys t em 
(c)  Optimal  control  based on minimization  of mean squa re  e r ro r  
(d)   Se l f -organiz ing   cont ro l  
( e )  Modal e x c i t a t i o n  
It was dec ided  tha t  t he  f i r s t  app roach  was the  most s t r a igh t fo rward  and 
o f fe red  the  least complex implementat ion;  therefore ,  the project  design effor t  
was d i r ec t ed   t oward   t he   f i r s t   app roach .   Th i s   does   no t ,  however, p rec lude   the  
f u t u r e   c o n s i d e r a t i o n  :of other  approaches.  
The basic  control  system data  processing approach was s e l e c t e d  a f t e r  
evaluat ing three competi t ive techniques : 
(a) Analog da ta   p rocess ing  - In   the  analog  approach,   the   feed-  
forward resis tors ,  determined from the inverted inf luence 
c o e f f i c i e n t  o r  s t i f f n e s s  c o e f f i c i e n t  m a t r i x  of the  mir ror ,  
decouple  the  para l le l  channels .  
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(b) D i g i t a l   d a t a   p r o c e s s i n g  - I n   t h e   d i g i t a l   a p p r o a c h ,   t h e  
s t i f f n e s s  c o e f f i c i e n t  matrix is s t o r e d  i n  t h e  d a t a - p r o c e s s o r  
memory. The ana log  e r ro r  s igna l s  i n  each  channe l  are con- 
v e r t e d  t o  d i g i t a l  s i g n a l s ,  and mul t ip l ica t ion  wi th  the  appro-  
p r i a t e  s t i f f n e s s  c o e f f i c i e n t s  is  accomplished by small genera l  
purpose  d ig i ta l  computer  tha t  i s  appropr i a t e ly  programmed. 
The products are summed and d i s t r i b u t e d  t o  t h e  a p p r o p r i a t e  
ac tua tor  channels  where  they  a re  conver ted  to  ana log  s igna ls  
aga in .   This   da ta   handl ing  i s  accomplished by t h e  d i g i t a l  
computer. 
( c )   Hybr id   d ig i t a l  and  analog  data   Processing.   This   ystem 
s t o r e s  t h e  s t i f f n e s s  c o e f f i c i e n t  m a t r i x  i n  a d i g i t a l  memory 
s t o r a g e  u n i t  t h a t  is  used  to  con t ro l  an  ana log  s igna l  m u l t i -  
p l i e r .  The m u l t i p l i e r  is  a binary  code  ladder   that  is  pro- 
grammed through swi tches  cont ro l led  by t h e  memory. 
Various combinations of para l le l  and sequen t i a l  ope ra t ion  were considered 
as s u b c l a s s i f i c a t i o n s  of t hese  methods  of  processing. The ana log   da ta   p ro-  
cess ing  method was se l ec t ed  fo r  imp lemen ta t ion  in  th i s  expe r imen t .  
Control  system  implementation.-  . . .  The control  system  concept is  based upon 
a matrix  of 61 poin ts  or  nodes  of  force  appl ica t ion  a r rayed  on the  mi r ro r .  For 
the decoupled system, a f i g u r e  e r r o r  measured a t  a p a r t i c u l a r  node i s  used t o  
genera te  a c o n s t e l l a t i o n  of f o r c e s  t h a t  are appl ied to  the back of t he  mi r ro r  
i n  t h e  v i c i n i t y  of tha t   node .  In p r i n c i p l e ,   t h e   c o n s t e l l a t i o n  of fo rces  is  
computed s o  t h a t  i t  genera tes  only  a loca l  de fo rma t ion  in  a small area centered  
on t h a t  p a r t i c u l a r  node, while  a l l  o ther  por t ions  of  the mir ror  are una f fec t ed .  
Any random f i g u r e  e r r o r  p r o f i l e  is  then  cons ide red  to  be the  sum of many small 
area e r r o r s  where the  small a r e a  s i z e  i s  determiQed by t h e  ac tua tor  spac ing .  
This  approach effect ively decouples  the control  channels  for  each node by the  
use  of   crossfeeds  in   the  forward  loops,  or "feedforwards" ,   that   counteract   the  
i n t e r a c t i o n s  i n  t h e  m i r r o r .  
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The diagram  of   f igure 31 i l l u s t r a t e s   t h e   g e n e r a l   c o n t r o l   c o n c e p t .   I n t e r -  
ac t ions  between t h e  tilt and focus control  loops and the f lex control  loops 
are decoupled by keeping the response time of the  f l ex  con t ro l  l oops  much 
longe r  than  tha t  of t he  t i l t  and  focus  control  loops,  i .e . ,  on the order  of  
f i v e  t o  t e n  times s lower.  (The f l ex   con t ro l   l oops   a r e   t hose   t ha t   con t ro l   t he  
58 a c t u a t o r s  t h a t  a p p l y  f o r c e s  t o  s t r a i n  or f l e x  t h e  m i r r o r  and are sometimes 
r e f e r r e d  t o  as f l e x  a c t u a t o r s . )  
E r r o r  s i g n a l s  f o r  c o n t r o l  o f  t h e  f l e x  a c t u a t o r s  are developed from infor- 
mation a t  the  output  of a diode  a r ray .  F i f ty-e ight  channels  of  s igna l  ampl i -  
f i c a t i o n ,  f i l t e r i n g ,  h a r d  l i m i t i n g ,  and  phase  de tec t ion  a re  used  in  the  f igure  
e r r o r  d e t e c t o r  f b r  p a r a l l e l  o p e r a t i o n .  F i f t y - e i g h t  s e r v o  a m p l i f i e r s  a r e  u s e d  
for simultaneous operation of a l l  channels.  
Feedforwards,   consisting of r e s i s t i v e  components  between  channels,  provide 
an  ana log  muf t ip l ica t ibn  and summing of t h e  e r r o r  s i g n a l s .  I f  decoupl.ing were 
necessary between every pair  of channels and  no  symmetry  were present,  approx- 
imately 3600 r e s i s t o r s  would be r equ i r ed .  However, a maximum of 1 9  r e s i s t o r s  
for  each  node, o r  a t o t a l  of Less than  a t h o u s a n d  r e s i s t o r s  f o r  t h e  f u l l  ma- 
t r i x  were e s t ima ted   t o  be s u f f i c i e n t  t o  i n s u r e  s t a b i l i t y .  ( S e e  s e c t i o n  
“Determination of Feedforward Network” .) 
ControL,-s,ys-t.em-_functions .- The c o n t r o l  system func t iona l  d . iagram i s  stown 
i n   f i g u r e  3 2 .  The 61 cont ro l   channels   a re   a lmost   ident ica l  w i t h  some small  
d i f fe rences   in   f requency   response ,   c ross   coupl ing ,  and switching  funct ions  be-  
tween  the  f lex  channels  and the  t i l t  and  focus  channels. Each channel  takes 
i t s  s i g n a l  from a “Fo to fe t ”  de t ec to r  a t  the  output  of the phase measurement 
in t e r f e romete r .  Each s i g n a l  is  compared wi th  a r e f e r e n c e  s i g n a l  t o  o b t a i n  
phase  information. (The phase e r r o r  is  propor t iona l  to mir ro r   f i gu re   e r ro r  - 
s e e  r e f s .  1 and 2 . )  The dc  vol tage a t  the   ou tput   o f   the   phase   de tec tors ,  pro-  
p o r t i o n a l  t o  the phase  d i f fe rence  observed  be tween s imal  and re ference ,  is 
app l i ed  in  appropr i a t e  ampl . i t ude  to  the  se rvo  ampl i f i e r s  t h rough  the feedfor -  
ward ma t r ix  of r e s i s t o r s .  T h e s e  r e s i s t o r s  d i s t r i b u t e  t h e  s i g n a l  i n  t h e  p r o -  
port ion determined by the  ana lys i s  of t h e  m i r r o r  i n t e r a c t i o n  as a p p r o p r i a t e  t o  
obtain decoupled loop operat ion.  
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Figure 31. Control  System  Block  Diagram 
- 
Photodetectors  Limiters 
cl 
?, 
2 
r- 
I c 
cl 
1 
El 
El 
m 
w 
[1) 
P, 
R 
3 
"""J Feedforward , I 
Resistor 
Matrix 
I 
"""_ 
Limiters \ 'a 
...-... 
Decoupling ' 
"Focus" Actuator 
z 
Align S1: 60 
Dissector 
ecorder 
Phase 
Detectors 
I 
858 
1 1  
400 - 3d 
Tilt 
Correction 
Logic 
Raster 
Primary 
Mirror 
X Coord 
Volts 
Figure 32. Functional  Diagram of Closed Loop Control  System for Thin  Deformable  Mirror 
F o r  i n i t i a l  a l i g n m e n t ,  a switching arrangement is provided  tha t  allows t h e  
i n p u t  t o  e a c h  c h a n n e l  t o  be taken from a movable pre-programmed p o s i t i o n  o n  
t h e  image d i s s e c t o r  f a c e  p l a t e  i n s t e a d  o f  from t h e  F o t o f e t  d e t e c t o r s .  T h i s  
a l lows each channel  t o  be a l igned  by sweeping the movable s p o t  from a nearby 
a l igned  channel  to  the  channel  be ing  a l igned  and  then  swi tch ing  the  input  to  
t h e  s i g n a l  from t h e  i n d i v i d u a l  F o t o f e t  d e t e c t o r .  T h i s  s t e p  i s  necessary  be- 
cause  o f  t he  poss ib i l i t y  of i n t e g r a l  f r i n g e  d i s p l a c e m e n t s  e x i s t i n g  i n i t i a l l y  
be tween ac tua tor  loca t ions .  
Control  loop design.-  The des ign  of  an  ind iv idua l  cont ro l  channel  suf f ices  
f o r  a l l  con t ro l  channe l s  s ince  they  are assumed t o  be i d e n t i c a l .  The system 
des:lgn approach was t o  d e s i g n  a s i n g l e  l o o p  i n  t h e  c l a s s i c a l  way f o r  t h e  r a n g e  
of  e igenvalues ,assuming that  only direct  feedforwards with no c ross feeds  would 
be  used, i.e., the  feedforward matrix was t a k e n  t o  be e q u a l  t o  t h e  i d e n t i t y  
ma t r ix  . 
It 'was de te rmined  f rom the  s t ab i l i t y  s tudy  tha t  t he  sys t em would  be abso- 
l u t e l y  s t a b l e  e v e n  w i t h o u t  a compensat ing feedforward matr ix  for  s i m p l e  i n t e -  
g ra to r   l oops  and  second-order  loops.  However, the  spread  of   e igenvalues  as 
obtained from the computer analysis of t h e  mirror's i n f l u e n c e  c o e f f i c i e n t  ma- 
t r i x  l e d  t o  a set of  wide ly  d ispersed  t rans ien t  response  modes. Even without  
ca l cu la t ing  the  ampl i tudes  of t h e s e  t r a n s i e n t  modes, the design could be 
c a r r i e d  o u t  i n  terms of the  c losed- loop  damping  ra t io  and t h e  n a t u r a l  f r e -  
quency for   each   channel  and i t s  a s soc ia t ed  loop .  Having e s t ab l i shed  an  accep t -  
ab le  des ign  which  accommodated t h e  uncompensated o r  n a t u r a l  s p r e a d  i n  t r a n s i e n t  
response modes, t h e  u s e  of a compensat ing feedforward matr ix  then served to  
r e d u c e   t h i s   n a t u r a l   s p r e a d .   I d e a l l y ,   i f   a n   e x a c t   i n v e r s e   r e s i s t a n c e   m a t r i x  i s  
employed, then  a l l  modes d e g e n e r a t e  t o  a s i n g l e  mode wi th  a wel l -es t ,ab l i shed  
t rans ien t   per formance .   In   the   ac tua l   case ,   because   o f   to le rances ,   the   idea l  i s  
no t  ach ieved  bu t ,  a f t e r  appropr i a t e  ad jus tmen t  t o  in su re  tha t  t he  e f f ec t  o f  t he  
to l e rances  does  no t  r e su l t  i n  i n s t ab i l i t y ,  t he  t r ans i en t  pe r fo rmance  is  improved 
over  the  uncompensated  case  for  which  the  system was o r ig ina l ly  des igned .  The 
ad jus tment  cons is ted  of  decreas ing  the  res i s tance  va lues  of  the  d iagonal  ele- 
ments  of the feedforward matr ix  approximately 10% t o  i n c r e a s e  t h e  d r i v i n g  p o i n t  
gains .   This  increases con t ro l   channe l   i n t e rac t ion  somewhat bu t   p ro t ec t s  
aga ins t  the  poss ib i l i ty  of  pos i t ive  feedback  due  to  a wors , t  case pi le  up of 
t o l e rances .  
A typical single-loop design procedure (uncompensated case): Cons ider  the  
block diagram for  a typical  channel  and i t s  associated feedback loop as shown 
i n  f i g u r e  33. The known q u a n t i t i e s  are l i s t e d  i n  t a b l e  I. It is  r e q u i r e d  t o  
determine the values  of  the parameters  KAY which e s t ab l i sh  the  loop  ga in ,  and 
the  time cons tan t  7, which toge the r   w i th  KA es tab l i shes   the   loop   dynamics .  
The value of  the motor  t ransfer  constant  5 is  no t  r equ i r ed  s ince  it cance ls  
ou t  i n  the  loop  ga in  expres s ion  as a resul t  of  the use of  tachometr ic  feedback 
TABLE I 
CONTROL SYSTEM  PARAMETERS 
Device  Parameter  Units V a  1 ue 
Phase   Detec tor   Sens i t iv i ty ,  K 
Chopper  Gain, Kc V, r m s  /vo l t ,  DC 0.896 
Tachometer  Sensit ivity,  V, rms /rad/sec  2.42 x 
Gear T r a i n  Gear r a t i o ,  n ”- 93 
Lead  Screw P i t c h   f a c t o r  K i n / r ad  
P 
Sof t   Sp r ing S t i f fnes s ,  k l b / in   4 .0  
d 
Volts / rad 16/n 
yr 
3.98 x 
Mir ro r   In f luence   coe f f i c i en t   p in / lb  
a t  po in t  i, aii 
Figure  Sensor  Sens it  i v i t y ,  ?FS r ad /p in  
87 ( c e n t e r )  - 
576  (edge) 
4x/24.91 @, 
h = 0.63288 
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Figure 33. Typical  Single-Loop  Control  System 
The loop gain expression,  using the data  of  table  I, i s  : 
14.167KA 
- 
- S ( 1  + ST) 
aii=87 
The poles  of  the  c losed- loop  t ransfer  func t ion  are found  from t h e  r e l a t i o n  
t h a t  
for   eakh  e igenvalue h From NASA's and  Perk in-Elmer ' s   jo in t   e f for t s ,  it was 
found t h a t  
i '  
- i n  hmax = 3 2 2 4  plb 
p - i n  hmin = 1 l b  
The roo t s  of t h e  c h a r a c t e r i s t i c  e q u a t i o n  are the  zeros  of  
which a r e  a l s o  t h e  z e r o s  of 
s + - + - h . = O  
T 7 1  
2 s c  
us ing  K(S) = 
t he  i - t h  channe l  are: 
C 
S ( 1  + ST) Thus, t he  damping r a t i o  and na tu ra l  f r equency  fo r  
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Numer ica l ly ,  us ing  the  center  in f luence  coef f ic ien t  as a reference value,  w e  
f i n d  
1 
0.16284 KAhip 
JO .162: KAhip 
f n .  = - 
1 2rr 
Consider   the  extremum value  of and f n  from  the  extremum  value of h i '  
A bar  p laced  over  the  quant i ty  denotes  a maximum and a bar placed under the 
quan t i ty   deno tes  a minimum s o  t h a t :  . 
524.99 KA 
n 7 
1 I 1 
- f n  = - 2rr 
Thus F/L = f n / k  = 62.5 - 
w 0.0641: 
A t  t h i s  p o i n t  i t  i s  necessary to  invoke the use of an  appropr i a t e ly  l a rge  
time cons tan t  i n  o rde r  t o  r educe  the  phase  de t ec to r  ou tpu t  r ipp le  due  to  the  
presence of t h e  c a r r i e r  t o  a n  a c c e p t a b l e  minimum.  From exper imenta l  inves t i -  
ga t ion  it  appea r s  t ha t  7 must  be 1.0 second o r  g r e a t e r  s o  t h a t  
0.02 c=K - 1.25 
f n  = 4 \'KA 
70 
- f n  = 0.064 dKA 
Since it is  h ighly  undes i rab le  to  have  a damping r a t i o  less than  0.1, choose 
K = 0.0004 SO t h a t  A 
E= 0.1 
- 
= 6.25 
- 
f n  = 0.8 Hz - f n = 0.015 Hz 
Thus, t h e  most  underdamped loop w i l l  r i n g  a t  a per iod of  1 .25 seconds for  
s eve ra l  cyc le s  when subjec ted  t o  a s t e p  command, and w i l l  t ake  5 to  10  seconds  
t o  s t a b i l i z e .  The  most s luggish  loop  w i l l  t a k e  s e v e r a l  m i n u t e s  t o  s t a b i l i z e  
but  with no overshoot.  
With the loop compensated properly by use of  the feedforward matr ix  to  
o b t a i n  a loca l   de fo rma t ion   a t   each   po in t ,   t he   e igenva lues  are i d e n t i c a l .  If 
these  are assumed t o  be 1 2 . 5 p i n / l b  t h e n  t h e  i d e n t i c a l  c h a r a c t e r i s t i c  e q u a t i o n  
for  each loop w i l l  be 
(14.167) (12.5) KA 
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+ S ( 1  + ST) 
o r  
S 
2 1 KA + s - + 2 -  
7 7 
= o  
Th i s  e s t ab l i shes  the  damping r a t i o  and natural frequency of the compensated 
System as : 
5 = 1.77  fn  = 0.045 Hz 
Determination of Feedforward Network 
The decoupled control loop approach, employing a matrix of feedforward 
r e s i s t o r s ,  r e q u i r e d  a n  e v a l u a t i o n  o f  t h e  m u l t i p o i n t  i n t e r a c t i o n  o f  t h e  m i r -  
r o r  t o  d e t e r m i n e  t h e  number of  mat r ix  e lements  requi red  and t h e i r  v a l u e s .  
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A f ini te  e lement  computer  program was u t i l i z e d  by J . F .  Creedon a t  t h e .  
NASA Langley Research Center  to  provide data  on t h e  s t a t i c  m i r r o r  b e h a v i o r  i n  
r e s p o n s e   t o   a c t u a t o r   l o a d s .  A 12-inch-diameterJ  0.125-inch-thick9  f /2.5 
s p h e r i c a l  p l a t e  g l a s s  m i r r o r  was s t u d i e d  e x p e r i m e n t a l l y  t o  e s t a b l i s h  t h e  
a b i l i t y  o f  t h e  computer  program t o  d e s c r i b e  t h e  m i r r o r  b e h a v i o r .  The calcu-  
la ted  d isp lacements  ob ta ined  f rom the  ana lys i s  of  a mirror  of t he  same dimen- 
s ions  as t h e  t e s t  mi r ro r  were compared to  the  exper imenta l  d i sp lacements ,  and 
i t  was conc luded  tha t  t he  r e su l t s  were s u f f i c i e n t l y  c o m p a t i b l e  t o  w a r r a n t  p r e -  
dicting the behavior of the 30-inch-diameter mirror with the computer program. 
A d e t a i l e d  d e s c r i p t i o n  of t h e  above a n a l y s i s  and  exper imenta l  inves t iga t ion  is  
found i n  r e f e r e n c e  3 .  
The r e s u l t s  of t h e  a n a l y s i s  were used t o  o b t a i n  a c t u a t o r  f o r c e  c o n f i g u r a -  
t i o n s  t h a t  would provide  loca l  d i sp lacements  of  the  mir ror  a t  any  one  of  the 
a c t u a t o r   c o n t r o l   p o i n t s .  The ana ly t ica l ly   der ived   force   conf igura t ions   gave  
t h e  f o r c e s  t o  be a p p l i e d  t o  e v e r y  one of  the 58 actuat ion points  for  each local  
d i sp lacement   des i red .  However, t he   fo rces  were obse rved   t o   d imin i sh   r ap id ly  
w i t h  d i s t a n c e  f o r  a c t u a t o r  l o c a t i o n s  removed f r Jm the  dr iv ing  poin t  (i.e., t h e  
p o i n t  where loca l  d i sp lacement  is  d e s i r e d ) .  A c lose  approx ima t ion  to  the  e f -  
f e c t s  o f  t h e  f u l l  s e t  of forces could be made  by a l imi t ed  number of fo rces  
c l o s e   t o   t h e   d r i v i n g   p o i n t .  In f a c t ,  it was es t imated   tha t .  a 19-point  con- 
f i g u r a t i o n  was t h e  maximum use fu l  a r r ay  a round  each  d r iv ing  po in t  s ince  the  
f o r c e s  o u t s i d e  t h i s  a r r a y  were smaller t h a n  t h e  u n c e r t a i n t y  i n  t h e  c a l c u l a t e d  
va lues .   Nine teen-poin t   force   conf igura t ions  were then  obtained by d i s r ega rd ing  
p o i n t s  o u t s i d e  t h e  f i r s t  two ad jacent  r ings  of  ac tua tors  a round each  dr iv ing  
poin t  and ad jus t ing  the  remain ing  va lues  so t h a t  t h e y  met three  requi rements :  
f i r s t ,  t h a t  t h e  sum of the forces around each driving point equal zero; second, 
t h a t  t h e  sum of  the  moments of  the forces  around each dr iving point  equal  zero;  
and t h i r d ,  t h a t  t h e  5 8  sets o f  f o r c e  c o n f i g u r a t i o n s  f i t  rows  and  columns of a 
58-by-58 matrix [F] such that Fi j  = Fj i .  
* 
* 
Nineteen points  were used f o r  i n t e r i o r  a c t u a t o r  l o c a t i o n s .  
Locat ions near  the mirror  edge required fewer points .  
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Two o f r t h e  r e s u l t a n t  sets of fo rce  conf igu ra t ions  are shown i n  f i g u r e s  3 4  
and 3 5 . f o r ' a n  i n t e r i o r  p o i n t  and an  edge  poin t ,  respec t ive ly .  The numbers 
shown i n d i c a t e  t h e  r e l a t i v e  f o r c e  a p p l i e d  a t  each  poin t .  The abso lu te  va lues  
were determined from analysis  of  the loop gain desired.  
Figure 36 shows t h e  t o t a l  m a t r i x  of feedforwards and gives the actual re- 
s i s to r  va lues  used  in  the  expe r imen t .  
SYSTEM HARDWARE 
Thin Mirror  Fabricat ion 
The f i r s t  s t e p  i n  t h e  f a b r i c a t i o n  p r o c e d u r e  was t o  p r o c e s s  a 30-inch  diam- 
e t e r ,  4 - inch  th i ck ,  fu sed  s i l i ca  mi r ro r  b l ank ,  which  had  been s e l e c t e d  f o r  low 
u n i f o r m  s t r a i n  r e l i e f ,  t o  o b t a i n  a h igh  qua l i t y  sphe r i ca l  su r f ace  on  one s i d e .  
Since the techniques for  producing a sphe r i ca l  mi r ro r  su r face  on a th i ck  b l ank  
are well e s t ab l i shed ,  t h i s  ope ra t ion  d id  no t  i nvo lve  any new procedure.  The 
next  s t e p  was to  r educe  the  th i ckness  of t h e  m i r r o r  t o  1 / 2  inch by removing 
material from the  back. The  amount of  warping  due t o  r e l e a s e d  s t r e s s  i n  t h e  
ma te r i a l  was expec ted  to  be small s i n c e  t h e  m a t e r i a l  was r e l a t i v e l y  s t r a i n  
f r e e .  The procedure  for  emoving  material  was: f i r s t ,   t o   c u t   o f f  a s l a b  2 
inches  th ick  and t h e n  t o  remove the  remainder by gr inding.  The 2 - i n c h  s l a b  
was c u t  by a moving wire t h a t  - a r r i e d  a g r i n d i n g  s l u r r y .  Most of t he . r ema in ing  
material t o  be  removed was taken  of f  on a su r face  gene ra to r ,  bu t  t he  f ina l  
o p e r a t i o n  t o  remove the  l a s t  millimeter of material u t i l i z e d  a p o l i s h i n g  t o o l  
as shown i n  f i g u r e  3 7 .  S u c c e s s i v e l y  f i n e r  g r i t s  of  grinding compound were used 
t o  remove  any l o c a l  s t r a i n s  i n t r o d u c e d  i n  t h e  c o a r s e  g r i n d i n g  p r o c e s s .  
The mir ror  was f i r s t  t e s t e d  a f t e r  t h e  s p h e r i c a l  f r o n t  s u r f a c e  had  been 
generated  but   before   the  thickness  was reduced. An in te r fe rogram of  the  m i r -  
r o r  s u r f a c e  a t  t h i s  s t a g e  is  shown in  f igu re  38 .  Eva lua t ion  o f  t he  in t e r f e ro -  
gram yie lded  the  contour  map shown i n  f i g u r e  3 9 .  
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Figure 3 4 .  Nineteen-Point  Force  Configuration to Obtain  Local  Displacement at Interior 
Actuator  Locations  (Numbers  indicate  relative  forces) 
I 
" 
sint 
Figure 35. Force  Configuration to Obtain  Local  Displacement  at  Edge 
Actuator  Location  (Numbers  indicate  relative  forces) 
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* See  figure 2 for channel  numbering  code. 
a 42 23.8K 
f 38 26.3K 
d 35 28.  GK 
e 26 38. 5K 
k 19 52. 6K 
m-12 83.3K 
0 -10 IOOK 
p 9 l l l K  
s - 6  167s 
t -4 250K 
" 3 333K 
v 2 50OK 
x 1 1.00M 
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Figure 36. Feedforward  Matrix  of  Resistors for Counteracting 
Mechanical  Interactions  of  Thin  Mirror 
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Figure 37. Final  Grinding to Reduce Mirror  Thickness 
Figure  38. Sca t t e rp l a t e   In t e r f e rog ram of Mirror  
Before Thickness Reduction 
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Figure 39. Contour  Map  of  30-Inch  Deformable  Mirror  Before 
Thickness  Reduction  (Contours  show  departures 
from  a  best-fit  sphere) 
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The l a r g e s t  peak deviat ions of  the mirror  f rom a b e s t  f i t  s p h e r e  are 
observed to  be +0.06 wavelength and -0 .04  wavelength.  The mirror therefore 
was wi th in  the  to l e rances  o f  1/10 wavelength peak-to-peak that had been de- 
s i r e d  a t  th i s   s t age .   Th i s   does   no t   i nc lude   approx ima te ly  112 inch  of  edge 
around  the  mirror,  which was obse rved  to  be  somewhat r o l l e d  o f f .  T h i s  r o l l i n g  
o f f  migh t  have  been  fu r the r  r educed  in  o rde r  t o  b r ing  th i s  1 /2 - inch  zone  wi th -  
i n  t h e  d e s i r e d  t o l e r a n c e s  b u t  l i t t l e  o v e r a l l  improvement in  performance of  the 
ac t ive ly  con t ro l l ed  sys t em cou ld  be e x p e c t e d  f o r  t h e  e f f o r t  i n v o l v e d .  
The t e s t  of the  112- inch- th ick  mir ror  to  obta in  i t s  f i g u r e  i n  a n  un- 
s t r e s sed  cond i t ion  invo lved  cons ide rab ly  more d e l i c a c y  i n  t h e  s u p p o r t i n g  ar-  
rangement than did the tes t  o f  t he  th i ck  mi r ro r .  
is  a func t ion  of the  th ickness  cubed so  t h a t  t h e  
t o  a l o c a l  n o n - d i s t r i b u t e d  f o r c e  is on  the  order  
1 /2- inch  th ick  mir ror  compared t o  t h e  d e f l e c t i o n  
the   4 - inch   th ick   mir ror .  A noncompensated l o c a l  
The r i g i d i t y  o f  t h e  m i r r o r  
ampli tude of  def lect ion due 
of 83 times as g r e a t  f o r  t h e  
produced  by  the same fo rce  on 
force  of  less than an ounce 
can produce a bending of the 1/2-inch mirror of a wavelength. 
The method used t o  s u p p o r t  t h e  m i r r o r  d u r i n g  tes t  was an a i r  support  
t echnique  recent ly  deve loped  a t  Perk in-Elmer  for  use  wi th  la rge  opt ica l  ele- 
ments 2nd provided a un i fo rm p res su re  d i s t r ibu t ion  much as t h e  a i r  bag tech- 
nique does but with fewer problems of pressure control.  
The eva lua t ion  was performed using a s c a t t e r p l a t e  i n t e r f e r o m e t e r  a t  t h e  
c e n t e r  of cu rva tu re .  The mir ror  was mounted i n  a vacuum t a n k  t h a t  was evac- 
u a t e d  t o  2 t o  3 inches of  mercury absolute  pressure,  with the opt ical  axis  
v e r t i c a l .  The in t e r f e romete r  was mounted a t  t h e  t o p  of t he  t ank  ju s t  above  
a vacuum window and, t he re fo re ,  a t  a tmospheric  pressure for  convenience of  
ope ra t ion .  
Measurements  of the  sur face  topography of  the  mir ror  were performed for 
s e v e r a l  o r i e n t a t i o n s  of t h e  m i r r o r  r e l a t i v e  t o  t h e  s u p p o r t  s y s t e m .  T h i s  was 
done t o  i n d i c a t e  how  much of  any observed dis tor t ion was caused by the  mi r ro r  
i t s e l f  and how much was caused by  any small nonuni formi t ies  in  suppor t  p ressure .  
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Some v a r i a t i o n s  o f  f i g u r e  were o b s e r v e d  i n  t h e  d i f f e r e n t  s u p p o r t  p o s i -  
t i ons ,  i n t roduc ing  an astigmatism on the  o rde r  o f  1 / 2  wavelength i n  a d d i t i o n  
t o  t h e  d i s t o r t i o n s  t h a t  were observed t o  r o t a t e  w i t h  t h e  m i r r o r .  
The mi r ro r  was f i n a l l y  t e s t e d  w h i l e  mounted wi th  i t s  axis h o r i z o n t a l  on 
the weight  and react ion support  system with which it was ac tua l ly  used .  In -  
te r fe rograms were obtained  with  the  phase  measurement   interferometer .  The 
f igure  observed  i n  t h i s  c o n d i t i o n  was ve ry  c lose  to  the  ave rage  o f  t hose  
measured  on the pneumatic  support ,  wi thin the plus  or  minus 1/2  wavelength 
v a r i a t i o n  d e s c r i b e d  i~ the  .preceding paragraph.  
The interferogram and contour map i n  f i g u r e s  40 and 41 show t h e  s u r f a c e  
f igure  of  the  mir ror  whi le  suppor ted  on  the  weight  and  reac t ion  suppor t  sys tem 
used in   the   c losed- loop   exper iment .   There   a re   approximate ly  2 wavelengths 
of astigmatism plus a kidney-shaped plateau of approximately 1 wavelength a m -  
p l i tude .  Al though th is  was more than  tw ice  the  ampl i tude  in i t i a l ly  des i r ed ,  i t  
was s t i l l  expec ted  to  be wi th in  the  range  of amplitude that could be removed 
wi th  the  des igned  ac tua to r  spac ing  to  ob ta in  a f ina l  a l ignment  wi th  less than  
1/20 wavelength rms e r r o r .  
Main S t r u c t u r a l  P l a t e  
The main p l a t e  c o n s i s t s  of a 3 /4- inch- th ick  p iece  of  cas t  aluminum t o o l i n g  
p l a t e  w i t h  a p p r o p r i a t e  c u t o u t s  t o  mount ac tua to r s ,  t he  r eac t ion  suppor t  sys t em,  
and the  weight  support   system.  Figure 42 shows the   backing   p la te .   S ince   force  
a c t u a t o r s  are t o  be  used, it is no t  r equ i r ed  tha t  t he  back ing  p l a t e  be  ex -  
t r eme ly  r ig id ,  so  t h a t  t h e  material removed to  a l low moun t ing  o f  t he  ac tua to r s  
and  support   hardware  does  not  affect   the  performance  of  the  system.  Four 
s a f e t y  s u p p o r t  arms are mounsed- on the  back ing  p l a t e  as shown i n  f i g u r e  43. 
These  support  arms have severa l   impor tan t   func t ions :  1) they  hold  the  mirror  
i n  p o s i t i o n  u n t i l  t h e  s p r i n g  s u p p o r t s  h a v e  b e e n  a t t a c h e d ;  2 )  they  provide 
suppor t  for  the  mir ror  whi le  the  assembly  is  being moved so  t h a t  v i b r a t i o n s  w i l l  
no t  p u t  an  excess ive  s t r a in  on  the  th ree  loca t ing  rods ;  and  3)   they  serve as 
s a f e t y  s n u b b e r s  f o r  t h e  m i r r o r  i n  t h e  u n l i k e l y  e v e n t  t h a t  t h e  s u p p o r t  s y s t e m  
s h o u l d  f a i l  t o  h o l d  t h e  m i r r o r .  The mi r ro r  is  mounted  on these  suppor t  arms, 
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Figure 41. Contour Map of Mirror Surface Showing Deviat ion i n  
Wavelengths from a Best-Fit  Sphere 
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Figure 4 2 .  Typical Main S t r u c t u r a l   P l a t e  
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Figure  4 3 .  30-Inch  Deformable  Mirror  and  Mirror  Support  System 
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r e s t i n g  on nylon-tipped screws. The th ree  loca t ing  rods '  t ha t  p rov ide  a kine-  
mat ic  mount f o r  t h e  m i r r o r  are at tached between the mirror  and the backing 
p l a t e .  The sp r ing  suppor t  b racke t s  are a t t a c h e d  t o  t h e  b a c k i n g  p l a t e ,  and 
t h e  wires from the  sp r ings '  are looped  over  Invar  p lugs  in to  re ta in ing  grooves  
provided  in  the  p lugs .  Two sp r ings  are a t t a c h e d  t o  e a c h  p l u g  t o  p r o v i d e  a 
moment as well as a l i f t ,  i n  o r d e r  t o  b a l a n c e  o u t  t h e  moment t h a t  i s  c rea t ed  
as a r e s u l t  of  the  center  of  grav i ty  of  the  mir ror  be ing  ahead  of  the  poin ts  
of  a t tachment  of  the support  wires. The tens ion  on  each  spr ing  i s  set t o  
preca lcu la ted  va lues  by adjustments  of  screws that  control  the extension of  
t he   sp r ings  . 
Reaction Support System 
Attached to the main p l a t e  and t i e d  i n t o  t h e  m i r r o r  is  the  r eac t ion  sup-  
port   system. I ts  p r i n c i p l e   o f   o p e r a t i o n  i s  shown i n  f i g u r e  44, and i ts  func- 
t i o n  is  t o  l o c a t e  t h e  m i r r o r  and r e a c t  t o  r e s i d u a l  uncompensated a c t u a t o r  
loads . 
I f  t h e r e  were no  manufac tur ing  to le rances  to  cons ider ,  the  suppor ts  could  
simply be t h r e e   r i g i d  members. However, s i n c e  t h i s  is  not   the  condi t ion,   the  
mount is  des igned  to  be  "k inemat ic"  (non-overcons t ra in ing)  ye t  r ig id  in  tens ion  
or  compress  ion. 
Each of t he  th ree  suppor t s  (A, B, and C) conta ins  one c i rcu lar   compl ian t  
member g iv ing  i t  a rotat ional   degree  of   f reedom. One of t he  suppor t s  (A) con- 
t a i n s  no other compliant members, a second (B)  con ta ins  an  add i t iona l  c i r cu la r  
compliant member, and a t h i r d  ( C )  conta ins  a leaf  compliant  member. 
The c i r c u l a r  member permits  two-axis  rotat ion,  and the leaf  member pe rmi t s  
one -ax i s   ro t a t ion .  The a x i s  t h a t  is perpendicular   to   the   compl ian t   ax is   o f  
t h e  l e a f  is set t o  p a s s  t h r o u g h  a n o t h e r  s u p p o r t  p e r m i t t i n g  t r a n s l a t i o n  i n  t h a t  
d i r e c t i o n .  Thus, as se t  up, the   suppor ts   wi th  two members p e r m i t  t r a n s l a t i o n  
t o  accommodate the  f ixed  pos i t ion  of  the  one-member suppor t .  The l e a f  a c t s  as 
a s y s t e m  t o r s i o n a l  r e s t r a i n t .  The system  can now r e a c t  t o  t h e  a x i a l  imposed 
loads .  The des ign  is  geared  to   the  worst   case  where a l l  a c t u a t o r s  a c t  
86 
Permitted Rotation 
During Assembly 
I 
I During Assembly 
Mirror 
Figure 44. Reaction Support System 
87 
s imul taneous ly  wi th  maximum l o a d  i n  t h e  same d i r e c t i o n .  It was found  by  ex- 
p e r i e n c e  t h a t  small misalignments between the locating rods and the  backing  
p la te  could  introduce  considerable  moments t o  t h e  edge of a mi r ro r .  The 
mounting therefore  incorporates  a connect ion between the locat ing rods and 
the  back ing  p l a t e  by means of an epoxy cement t h a t  is  al lowed to  harden while  
t he  mi r ro r  i s  i n  a compara t ive ly  s t r a in - f r ee  cond i t ion .  
Mirror Mounting and Weight Support Arrangement 
The connection between mirror and a c t u a t o r s  is  made by Invar  p lugs  tha t  
are  fastened to  the mirror  with epoxy cement .  The plugs are made of I n v a r  t o  
r educe  shea r  s t r e s ses  a t  the . in t e r f ace  caused  by d i f fe rences  in  thermal  ex-  
pans ion  coe f f i c i en t s ,  and t h e  p l u g  c r o s s  s e c t i o n  i s  kept  small ( l /Z- inch  diam- 
e t e r )  t o  m i n i m i z e  t h e  e f f e c t  of  any stresses se t  up i n  t h e  cement.  Each  plug 
has a receptacl-e  hole  and s e t s c r e w s  t o  r e c e i v e  and h o l d  t h e  s h o r t  wire and 
cy l inde r  a t  t h e  t i p  of the   ac tua tor   which   t ransmi ts   the   force .  To accu ra t e ly  
pos i t i on   t he   p lugs  on the   mir ror ,   an   a l ignment   f ix ture  is  used.   Figure 45 
shows the  30- inch  mir ror  res t ing  on p a r t  of i t s  a l i g n m e n t  f i x t u r e ,  a f t e r  t h e  
Invar plugs had been fastened in place with epoxy. 
The technique used to  support  the mirror  i s  very similar i n  s e v e r a l  ways 
to  techniques  cur ren t ly  be ing  used  in  o ther  appl ica t ions  a t  Perkin-Elmer. 
Figure 46 shows a system consis t ing of  a th in  deformable  mir ror ,  main  s t ruc-  
t u r a l  plate,   weight  support   system,  and  actuator.  An in te r fe rogram of t h e  
mir ror  of  th i s  sys tem shows an ast igmatism of  about  2 wave1,engths. . (AS 
shown i n  f i g u r e  40.) The ampl i tude  and  d i rec t ion  of  the  as t igmat i sm are q u i t e  
c l o s e  t o  t h o s e  measured i n  t h e  tes ts  of  the  mir ror  on a s p e c i a l  a i r  bag sup- 
por t .   This  shows tha t   t he   d i s to r t ion   i n t roduced  by t h e   s u p p o r t   s y s t e m   i t s e l f  
i s  q u i t e  small and well wi th in  the  r ange  tha t  t he  ac tua to r  sys t em i s  capable  
of  removing. The f i g u r e  shows an  arrangement   using  spr ings  for   counter-  
ba lanc ing  the  mir ror .  
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Figure 45.  Deformable  Mirror with Bonded-on  Invar  plugs 
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Figure 4 6 .  One of Sixty-one Horizontal Weight Supports 
Flex Actuator  
The Act ive   Opt ics   ac tua tor  is  shown i n  f i g u r e  47. It i s  capable  of 
exe r t ing  any  fo rce  up t o  2 pounds i n  e i t h e r  d i r e c t i o n  on the  mi r ro r .  An 
exploded view i s  shown i n  f i g u r e  48 and  two  views  of the assembly are shown 
i n  f i g u r e  49. 
Gene ra l  cha rac t e r i s t i c s . -  The e s s e n t i a l  p a r t s  of t h e  f l e x  a c t u a t o r  are 
t h e  d r i v e  motor,   coupling,  readout  potentiometer,   bearing  countershaft   and 
l eadsc rew,  t r ans l a t ing  nu t ,  p re load  sp r ing ,  b id i r ec t iona l  fo rce  sp r ing  as- 
sembly,  main casting,  and minimum  moment coupl ing.  The leadscrew is "simply 
suppor ted"  in  two p laces  by a p a i r  of preloaded flanged bearings and is  d r iven  
through a to r s iona l ly  s t i f f  mi sa l ignmen t  coup l ing  by a geared-down  motor.  The 
leadscrew passes through a n u t  t h a t  i s  c o n s t r a i n e d  i n  r o t a t i o n  by a p i n  i n  a 
p r e c i s i o n  s l o t  and is loaded from bo th  s ides  wi th  sp r ings  of d i f f e r e n t  s p r i n g  
cons t an t s .  As  the  leadscrew is ro ta ted ,   the   nu t  is  t rans la ted ,   s imul taneous ly  
d i sp lac ing   t he  two s p r i n g s .   S i n c e   t h e   b i d i r e c t i o n a l   f o r c e   s p r i n g  i s  a t t ached  
to  the  h igh - sp r ing - ra t e ,  sma l l -d i sp lacemen t  mi r ro r ,  t he  to t a l  fo rce  on the  
mirror  can be c o n s i d e r e d  t o  be governed by t h e  r e l a t i o n s h i p :  
F = f (k X) 
where 
F = fo rce  on m i r r o r  ( l b s )  
k = "Bid i r ec t iona l  fo rce  sp r ing"  sp r ing  cons t an t  ( l b s / in . )  
+x  = t r a n s l a t i o n  of end of s p r i n g  
I n  t h i s  manner i t  is p o s s i b l e  t o  exert  e i t h e r  a t ens ion  o r  a compression 
fo rce  on the  mirror ,   depending on l e a d s c r e w  r o t a t i o n .  I n  t h e  i n i t i a l  state, no 
f o r c e  is exe r t ed  on the   mi r ro r .  However, t he   t r ans l a t ing   nu t   a lways  experi- 
ences a u n i d i r e c t i o n a l  f o r c e  of a magnitude never less t h a n  t h a t  on t h e  m i r r o r .  
The r e s u l t  is  a constant ly  appl ied,  varying value preload always in  the same 
d i r ec t ion .   Th i s  is e s s e n t i a l  t o  i n s u r e  t h a t  t h e  b a c k l a s h  between t h e  n u t  and 
the  leadscrew i s  preloaded  out of the  servo  system. The pos i t i on  o f  t he  nu t  
on the leadscrew is monitored by the readout  potent iometer .  
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F i g u r e  47. Linear   Actuator   (Deformable  Mirror)   Layout  
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Figure 49.  Two Views of a Flex  Actuator  
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The nu t  w i l l  always see a n e t  f o r c e  i n  one direct ion,  with the magnitude 
varying between 1.5 and 12.5 lbs. The mi r ro r  w i l l  see a force  exer ted  on it 
varying between 2 l b s  t e n s i o n  and 2 lbs compression, passing through zero a t  
t h e   n e u t r a l   p o s i t   i o n .  
Coupling.- The c o u p l i n g  o f  t h e  a c t u a t o r  t o  t h e  m i r r o r  is  des igned  to  
t r ansmi t  t he  ac tua t ion  load  ax ia l ly  bu t  t o  be  compl i an t  i n  bend ing  so  as t o  
m i n i m i z e  t h e  i n i t i a l  stress r e s u l t i n g  from manufacturing tolerances and m i s -  
al ignment.  A t  t he  mi r ro r ' s  back  su r face ,  t he  load  is d i s t r i b u t e d  o v e r  a 
c i r c u l a r  area t o  e l i m i n a t e  h i g h  l o c a l i z e d  stresses.  
The ac tua tor  coupl ing  was a n a l y z e d  t o  f i n d  t h e  minimum diameter (0.010 
i n c h )  t h a t  would suppor t  t he  maximum load without buckling, and y e t  would 
have a low working stress i n  t e n s i o n  and compression. 
Ac tua to r  cha rac t e r i s t i c s . -  Tests on the  ac tua tor  in  the  30- inch-d iameter  
t h in  mi r ro r  sys  tem show t h a t  t h e  minimum resolvable  motion a t  t h e  most s ens i -  
t i v e  area of the mirror ,  near  the edge,  is  less than 1/250 wavelength a t  6328; 
o r   app rox ima te ly   0 .1~10   i nch .  The dynamic range is be t t e r   t han   p lus   o r  minus 
25 wavelengths a t  t h e  same p o i n t .  
- 6  
The motion of t h i s  a c t u a t o r  is r e v e r s i b l e  and does not require power 
t o  m a i n t a i n  i t s  p o s i t i o n  s i n c e  i t  e f f e c t i v e l y  locks when power is  tu rned  o f f .  
The actuator  has  been used in  a vacuum chamber  and similar ac tua tors  have  re -  
mained i n  a vacuum of less than 1 mm of Hg for  per iods  of  severa l  months wi th  
n o  a p p a r e n t  d e t e r i o r a t i o n  i n  o p e r a t i o n .  Some modi f ica t ion  and s e l e c t i o n  of 
ma te r i a l s  would undoubtedly have t o  be performed t o  i n s u r e  r e l i a b i l i t y  i n  a 
very hard vacuum for  extended per iods of  time, but  the  pr inc ip le  of  opera t ion  
is  compatible  with space use.  
The l i n e a r i t y  o f  t h e  a c t u a t o r  is  the  p roduc t  o f  t he  l i nea r i ty  of t he  se rvo  
motor output as a func t ion  of t he  se rvo  ampl i f i e r  i npu t  and t h e  l i n e a r i t y  o f  
t h e  s p r i n g  f o r c e  as a func t ion  of  the  motor  shaf t  pos i t ion .  The l i n e a r i t y  of 
t h e  s p r i n g  f o r c e  as a func t ion  of motor s h a f t  p o s i t i o n  is  e s s e n t i a l l y  depen- 
den t  on t h e  l i n e a r i t y  of t h e  s p r i n g  i t s e l f .  The coef f ic ien t   o f   d i sp lacement  
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fo r  t he  sp r ing  conf igu ra t ion  be ing  used  s t ays  cons t an t  ove r  t he  ope ra t ing  
range  to  wi th in  k0 .02  percent .  The servo amplifier uses feedback from a 
tachometer on the  se rvo  moto r  t o  ma in ta in  the  l i nea r i ty  of t h e  rate of change 
of  the  motor  shaf t  pos i t ion  as a func t ion  o f  t he  ampl i f i e r  i npu t .  The l i n e -  
a r i t y  of  the servo motor  shaf t  rate is e s sen t i a l ly  de t e rmined  by t h e  l i n e a r i t y  
of  the tachometer  response s ince the open loop amplif ier  gain is  high. The 
t achomete r  l i nea r i ty  i s  given by the manufacturer  as 50.07 percen t .  The rate 
of change of force developed by t h e  a c t u a t o r  as a func t ion  of  input  vo l tage  
t o  t h e  s e r v o  a m p l i f i e r  i s  t h e r e f o r e  l i n e a r  t o  a p p r o x i m a t e l y  0.1 percent over 
t h e  f u l l  r a n g e  o f  t h e  a c t u a t o r .  
Actuator assembly.- The a c t u a t o r s  were al igned in  a separate f i x t u r e  
( f i g u r e  50) t o  a prede termined  pos i t ion  to  c i rcumvent  the  necess i ty  of  fab-  
r i c a t i n g  a l l  mating parts to  ve ry  h igh  to l e rances .  Each a c t u a t o r  was placed 
i n  i t s  a p p r o p r i a t e  l o c a t i o n  on t h e  main s t r u c t u r a l  p l a t e  and banked a g a i n s t  
p r e a l i g n e d  r e g i s t r a t i o n  s u r f a c e s .  T h i s  r e s u l t e d  i n  v e r y  a c c u r a t e  a l i g n m e n t  
and n e g l i g i b l e  r e s i d u a l  e x t e r n a l  f o r c e s  on t h e  m i r r o r .  
Mirror,  Mirror  Support,  and  Actuator Assembly 
F igures  51 and 52 are d i f fe ren t  v iews  of  a completed 30-inch deformable 
mi r ro r  a s sembly  r eady  fo r  i n s t a l l a t ion  in to  a vacuum tank.  
The f u n c t i o n  of the coarse  al ignment  system (f igure 53)  i s  t o  a l i g n  t h e  
assembly  c lose  to  the  f ina l  des i red  tilt ang le .  The sys tem cons is t s  of two 
motor-driven leadscrews, each passing through a Tef lon  bushing  in  the  lower  
ha l f  o f  t he  main support plate. The  main suppor t  p la te  is  pivoted from a 
capt ivated 1/2- inch diameter  bal l ,  forming both a v e T t i c a l  a x i s  and a horizon- 
t a l  a x i s  o f  r o t a t i o n .  I f  each of  the servo motors  dr iving the leadscrews 
r o t a t e s  i n  t h e  same di rec t ion ,  the  assembly  w i l l  "pitch", and i f  e a c h  r o t a t e s  
i n   oppos i t e   d i r ec t ions ,   t he   a s sembly  will This   technique  gives  a l l  t h e  
desired adjustments ,  and provides  a r i g i d  l i n k  from  "ground" t o  t h e  main plate  
when n o t  i n  u s e .  
Figure  50. Flex  Actuator  Aligned i n  F i x t u r e  
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Figure  51. 30-Inch  Deformable  Mirror  Assembly,  Front: V i e w  
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Figure 52. 30-Inch Deformable  Mirror  Assembly, Side View 
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Figure Sensor 
F igure  54 shows a schematic of t he  f igu re  senso r  inc lud ing  the  components 
r e q u i r e d  t o  image the  mi r ro r  on the photodiode matrix as well as on the image 
scanner .   F igure  55 shows a photograph  of  the  hardware.  The in te r fe rometer  
a s sembly  uses  e s sen t i a l ly  the  same components as the or iginal  segmented Act ive 
Optics  experiment.   There are two a d d i t i o n a l  o p t i c a l  mounts,  one fo r   t he   de -  
col l imat ing lens  (Lens #l) and  one f o r  t h e  r e f e r e n c e  m i r r o r  mount.  These 
permi t  focus  cont ro l  vo l tages  to  pos i t ion  Lens #1 a x i a l l y ,  and t i l t  con t ro l  
v o l t a g e s  t o  r o t a t e  t h e  r e f e r e n c e  m i r r o r  a b o u t  two axes  perpendicular  to  the  
o p t i c a l  a x i s .  A b e a m s p l i t t e r  d i v e r t s  70 pe rcen t  o f  t he  l i gh t  a t  the  output  
of  the  phase  measurement  interferometer  to  the  photodiode  array.  The r e -  
maining 30 percent  of  the  l igh t  i s  inc iden t  upon the  Lmage scanner,  which 
now has an S-20 d e t e c t o r  s u r f a c e  and a 0.003-inch-diameter pinhole, the 
combination of which increases i t s  s e n s i t i v i t y  by a f a c t o r  of approximately 
40 .  With t h e   l o s s  of 70 percent   to   the   photodiode   a r ray ,   there  i s  s t i l l  an 
o v e r a l l  i n c r e a s e  of s i g n a l  t o  t h e  image scanner by a f a c t o r  of 10 over t h e  
previous  setup  used  with  the  segmented  optics.  The improvement i n  t h e  s i g n a l -  
t o - n o i s e  r a t i o  a t  the  output  of  the image scanner i s  s i g n i f i c a n t .  The l i g h t  
t h a t  i s  d ive r t ed  to  the  pho tod iode  ma t r ix  pas ses  th rough  a re imaging lens  that  
en larges  the  image by a f a c t o r  of 2 .5  t o  cove r  the  d iode  a r r ay .  A m i r r o r  f l a t  
is  employed to   fo ld   the   op t ica l   pa th   to   keep   the   a r rangement   compact .  The 
beamspli t ter ,   re imaging  lens ,   folding  f la t ,   and  diode  array are shown i n  
f i g u r e  55. In   the   ax ia l   a l ignment   ac tua tor   a r rangement   the   ax ia l   pos i t ion  
of the  decol l imat ing  lens  of the  phase  measurement  interferometer is  con t ro l l ed  
by moving one s t a g e  of an XYZ micropos i t ioner  wi th  a 400-Hz se rvo  motor con- 
nected  through a series of gear  reduct ions .  A c lu tch  a l lows  manual d i sp l ace -  
ment of  the  decol l imat ing  lens  as well as pos i t i on ing  by the servo motor .  
I.. 
The r e fe rence  mi r ro r  t i l t  c o n t r o l  u n i t  is shown i n  f i g u r e  56 and c o n s i s t s  
of a mirror  supported from four  piezoelectr ic  bender  e lements  and is  d r i v e n  i n  
two axes of t i l t  by these  e lements .  The bender elements are mounted i n  a 
micrometer-adjusted  gimbal   suspension  for   coarse  and  manual alignment.  The 
mi r ro r  i s  h e l d  i n  a c e l l  t o  f a c i l i t a t e  removal  and  replacement i n  t h e  e v e n t  
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Figure 54. Figure  Sensor  Schematic 
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Figure  55. Figure  Sensor Hardware 
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Figure 56. Reference  Mirror T i l t  Control  Unit  
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t h a t  c l e a n i n g  o r  s u b s t i t u t i o n  i s  d e s i r e d .  The c e l l  i s  mechanically  connected 
to  the  ends  of  the  bender  e lements  by 0.25-inch length, small diameter s teel  
wires t h a t  a c t  as f l ex ib l e  coup l ings  i n  tilt y e t  are  h i g h l y  r i g i d  i n  a x i a l  
t r a n s l a t i o n .  The benders are d r iven  i n  pairs by two i d e n t i c a l  e l e c t r o n i c  s y s -  
tems. Each  system  includes a long time c o n s t a n t  e l e c t r o n i c  i n t e g r a t o r  and 
a h i g h  v o l t a g e  a m p l i f i e r  w i t h  s u f f i c i e n t  g a i n  t o  ra ise  the  output  vo l tage  of 
t h e  i n t e g r a t o r  t o  t h e  1 e v e l : r e q u i r e d  t o  d r i v e  t h e  b e n d e r s  as d e s i r e d .  
Electronics ,   Feedforward Network,  and  Alignment Controls  
.. . 
. .  
Fotofe t  de tec tors . -  Rather  than  u s e  t h e  image d i s sec to r  w i th  a complex 
time s t o r i n g  s y s t e m  f o r  6 1  channels ,  i t  was dec ided  to  use  a p h o t o t r a n s i s t o r  
detector   matr ix .   This   approach is  s i m p l e r  i n   c i r c u i t   c o n s t r u c t i o n ,   o p e r a t e s  
with a lower level  of photon  noise, i s  f r e e  from c r o s s t a l k  i n  s i g n a l  transmis- 
s i o n  and behaves without the inherent phase shift  introduced by a sample  and 
hold  mult iplexing s y s t e m .  The image d i s s e c t o r  i s  used as a supplementary  de- 
t e c t o r  t o  p r o v i d e  t h e  s c a n n i n g  a b i l i t y  r e q u i r e d  f o r  i n i t i a l  a l i g n m e n t  and can 
be used for  automating al ignment  sequencing for  automatic  correct ion of  large 
f i g u r e   e r r o r s .   F i g u r e  57 shows t h e  c i r c u i t  d e v i s e d  t o  i n c r e a s e  s e n s i t i v i t y  
and  overcome t h e  e f f e c t  o f  v a r i a t i o n  i n  t h e  F o t o f e t  d e t e c t o r s  by adding s i m p l e  
components to   p roduce   adequate   ou tput   s igna l   l eve l .  T h i s  c i rcu i t   a r rangement  
not  only makes the  c i r cu i t  nea r ly  independen t  of  parameter  change,  but  also 
p rov ides  ga t e  b i a s  s t ab i l i za t ion  and moderate  automatic  gain control .  
Servo  ampl i f ie rs . -  The se rvo  a m p l i f i e r  schematic is  shown i n  f i g u r e  58. 
By cascading a push-pul l  power s t age  wi th  an  ope ra t iona l  ampl i f i e r ,  t he  se rvo  
a m p l i f i e r  p r o v i d e s  s u b s t a n t i a l  power wi th  a convenient summing network a t  t h e  
inpu t .  
A s  shown i n  f i g u r e  58, t h e  d c  e r r o r  s i g n a l s  are summed  by an  Analog  Device 
Model 107A ope ra t iona l   ampl i f i e r .   S ince  many inpu t   s igna l s   a r e   expec ted   t o  
be summed in  the  deformable  mir ror  sys tem,  a h igh  ga in  ampl i f ie r  wi th  low 
d r i f t  was chosen  to  insure good g a i n  s t a b i l i t y .  Two chopper   t ransis tors ,   which 
are  d r iven  by a subminiature  t ransformer,  are a l t e r n a t e l y  b i a s e d  on  and o f f  t o  
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Figure 57. Fotofet  Detector and Preamplifier 
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Figure 58. The Perkin-Elmer Servo Amplifier 
o b t a i n  a c  v o l t a g e  t h a t  i s  p r o p o r t i o n a l  t o  t h e  d c  s i g n a l  i n  a m p l i t u d e  and 
whcse  phase  reverses 180 degrees  when t h e  s i g n a l  p o l a r i t y  is  reversed .  The 
dua l  emitter choppers are used t o  i n s u r e  a cons t an t  o f f se t  vo l t age  ove r  a 
wide  range  of  noise.  To in su re  long  l i f e  expec tancy ,  it was dec ided  to  use  
a s o l i d  s t a t e  chopper  instead of  i t s  mechanical  counterpar t .  . 
A center- tapped t ransformer with a 2:l t u r n  r a t i o  is  used t o  p r o v i d e  
i s o l a t i o n  between the  p reampl i f i e r  and the  main a m p l i f i e r .  
The main a m p l i f i e r  c o n s i s t s  of an  FET wideband ope ra t iona l  ampl i f i e r ,  
Model 1772, and a c lass -B power s t a g e .  A uni ty   dc   feedback   insures  a good 
dc s t a b i l i t y  so t h a t  no b locking  capac i tor  is needed i n  t h e  o u t p u t .  The wide- 
band ampl i f ie r   p rovides   suf f ic ien t ly   h igh   forward   loop   ga in  a t  400 Hz. The 
output  cur ren t  is  purpose ly  l imi ted  to  approximate ly  100 mA f o r  t h i s  a p p l i c a -  
t i o n  t o  a v o i d  e x c e s s i v e  c u r r e n t  d r a i n  when  many u n i t s  are i n  o p e r a t i o n .  A 10,Q 
r e s i s t o r  i s  added i n  series w i t h  t h e  l o a d  f o r  f u r t h e r  p r o t e c t i o n  o f  t h e  c i r c u i t  
and t o  a v o i d  p o s s i b l e  i n s t a b i l i t y .  
Each s e r v o  a m p l i f i e r  i s  assembled  on a p r i n t e d  c i r c u i t  b o a r d  f o r  ease i n  
fabr ica t ion .   Another   p r in ted   c i rcu i t   board   conta ins   the  limiter, phase demodu- 
l a t o r ,  and inver te r   for   each   channel .  The two p r in t ed   c i r cu i t   boa rd   a s sembl i e s  
a r e  shown i n  f i g u r e  59 .  
Feedforward  network.-  Figure 60 shows the  l ayou t  of the feedforward net-  
work. The r e s i s t o r s  a r e  p l u g g e d  i n t o  r e c e p t a c l e s  on two l a r g e  p r i n t e d  c i r c u i t  
boards that  have the inputs  from i t s  phase  de t ec to r s  app l i ed  to  ho r i zon ta l  
conductors on t h e  s i d e  shown and tha t  have  the  ou tpu t s  t o  the  se rvo  ampl i f i e r s  
connected to ver t i ca l  conduc to r s  on the   h idden   s ide .   This   p rovides  a two- 
d imens iona l  layout  for  convenient  checking  and  cor re la t ion  wi th  the  des ign  
mat r ix  and a l lows  in t e rchangeab i l i t y  of  components f o r  t r y i n g  d i f f e r e n t  n e t -  
works. The d i agona l   e l emen t s   a r e   t he   d r iv ing   po in t   r e s i s to r s   t ha t   de t e rmine  
the  d r iv ing  po in t  ga ins  and a r e  m u l t i p l e  t u r n  p o t e n t i o m e t e r s  t o  a l l o w  p r e c i s e  
gain  adjustment  . 
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Servo-Amplifier  Li iter,  Phase Det ct r,  and  Inverter 
Figure 59. Printed  Circuit  Board  Assemblies 
Figure  60 .  Feedforward  Resis tor  Network  Mounted 
on P r i n t e d  Circuit  Panels 
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Alignment Controls.-  Figures 61 and 62 show t h e  two con t ro l  pane l s  fo r  
test  and  alignment  of  the  system. The cont ro l  pane l  shown i n  f i g u r e  61 has  an 
a r r a y  o f  p a i r s  o f  i n d i c a t o r  l i g h t s  a r r a n g e d  i n  t h e  p a t t e r n  of t h e  a c t u a t o r s .  
These  l igh ts  g ive  a q u a l i t a t i v e  i n d i c a t i o n  o f  t h e  l o c a t i o n  o f  t h e  n u t  on each 
ac tua tor  leadscrew.  When an  ac tua to r  is a t  i t s  mid range  o r  i n i t i a l  pos i t i on ,  
t h e r e  is no force  appl ied  by it aga ins t  t he  mi r ro r  and no voltage across i t s  
i n d i c a t o r  l i g h t s .  As the  nut  moves, causing a f o r c e  t o  be  appl ied  against   the  
mirror ,  one or  the other  of  the pair  of  indicator  l ights ,  depending on the  
d i r e c t i o n  of  the  displacement,   begins  to  glow. The i n t e n s i t y  of  the glow is 
p ropor t iona l  t o  the  nu t  d i sp l acemen t  from the midposi t ion and  hence t o  t h e  
force  be ing  appl ied .  The pa t t e rn  o f  fo rces  be ing  app l i ed  a t  any  ins tan t  is  
the re fo re  ev iden t  from t h e  l i g h t  d i s p l a y .  A warning  buzzer  indicates when any 
ac tua to r  r eaches  more than 95 percent of i t s  a v a i l a b l e  d i s p l a c e m e n t  i n  e i t h e r  
d i r e c t i o n .  The vol tage  f rom  the  l inear   potent iometer  on each  actuator,   which 
o p e r a t e s  t h e  i n d i c a t o r  l i g h t s  and the  warning  buzzer,  can be monitored quanti-  
t a t i v e l y  on t h e  SERVO POSITION meter.  The SERVO SELECT switches  determine  the 
channe l  t o  be monitored. 
Manual cont ro l  of  the  pos i t ion  of  the  ac tua tors  is poss ib le  by i n s e r t i o n  
of a dc  vo l t age  a t  t he  summing poin ts  of  the  ampl i f ie rs .  The a c t u a t o r  t o  be 
c o n t r o l l e d  is determined by the  I N D I V I D U A L  CHANNEL SELECTOR switches and the  
ampli tude and polar i ty  of t he  vo l t age  a re  con t ro l l ed  a t  the  VOLTAGE ADJUST 
potentiometer and the POLARITY switch.  
Manual displacement of a local  zone on the mirror  is poss ib le  by i n s e r t i o n  
of a dc  vol tage  a t  the input of the feedforward matrix board.  The MDDE switch 
determines whether the voltage is appl ied  a t  the input of the feedforward ma- 
t r i x  o r  a t  the  input  of  the  ind iv idua l  se rvo  ampl i f ie rs ,  s ince  the  same power 
supply is used  in  bo th  cases .  The LOCAL CHANNEL  SELECTOR switches determine 
t h e  l o c a l  z o n e  t o  be displaced and, again,  the amplitude and po la r i ty  o f  t he  
vo l t age  are con t ro l l ed  a t  t h e  VOLTAGE ADJUST potent iometer  and the POLARITY 
switch.  The 0 t o  6 s w i t c h  s e l e c t s  t h e . t e n s  d i g i t  and t h e  0 t o  9 swi t ch  se l ec t s  
t h e  u n i t s  d i g i t  f o r  e a c h  o f  t he  swi t ch  pa i r s  fo r  t he  LOCAL CHANNEL SELECTOR, 
t h e  INDIVIDUAL CHANNEL SELECTOR, and the SERVO SELECT. 
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Figure 61. Actuator  Control  and  Indicator  Panel 
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Figure 62. Alignment  Control  and  Indicator Panel 
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,The cont ro l   pane l  shown i n   f i g u r e  62 c o n t a i n s   t h e   c o n t r o l s   f o r  i n i t i a l  j,: 
a l ignment  of  the  mir ror .  The sequencing of  operat ion is manual t o  a l l o w  f l e x i - ' \  
b i l i t g  f o r  e x p e r i m e n t a t i o n  a t  t h i s  p o i n t  of development but could be automated. 
A ma t r ix  of t h ree -pos i t i on ' swi t ches  con t ro l s  t he  inpu t  t o  the  phase  de t ec to r  
of each individual channel.  Each switch can be moved from t h e  "up" p o s i t i o n  
! 
where t h e  i n p u t  t o  t h e  p h a s e  d e t e c t o r  is neu t r a l  and  the  ou tpu t  of the phase 
d e t e c t o r  i s  z e r o ,  t o  t h e  "middle" p o s i t i o n  where the  input  to  the  phase  de-  
t e c t o r  comes from t h e  image d i s s e c t o r ,  a n d  t o  t h e  "down" p o s i t i o n  where t h e  
inpu t  t o  the  phase  de t ec to r  comes from the  pho tode tec to r  a r r ay .  
The image d i s s e c t o r  is  time shared between four se t  of d e f l e c t i o n  v o l t a g e s  
t h a t  are coord ina ted   wi th   four   ou tputs .  The mult iplexing  f requency i s  6144 Hz 
s o  tha t  each  o f  t he  fou r  po in t s  is  sampled approximately 1,529 times per  second. 
One of   these   po in ts  i s  loca ted  a t  the   r e f e rence   coord ina te s .  The second i s  a 
movable p o i n t  t h a t  c a n  be scanned between coordinate points determined by t h e  
X Y and X2Y2 coord ina te   s e l ec to r   swi t ches .  The scan  s tar ts  a t  t h e  XIYl co- 
o r d i n a t e  and sweeps t o  t h e  X Y coord ina te .  The scan  ra te  can  be  varied by 
t h e  TIME CONSTANT swi tch .  The t h i r d  p o i n t  is  used  fo r  making r a s t e r  s c a n s ,  and 
i ts  p o s i t i o n  i s  determined by ex te rna l  vo l t ages  app l i ed  a t  t h e  X RASTER and Y 
RASTER inpu t  j acks .  The four th   mul t ip lexed   po in t  moves i n  a cont inuous   c i rc le ,  
the radius of which can be au tomat i ca l ly  con t ro l l ed  by t h e  amount of t i l t  
e x i s t i n g  i n  t h e  m i r r o r .  The d e f l e c t i o n  v o l t a g e s  a p p l i e d  t o  t h e  image scanner 
a r e  a l s o  a p p l i e d  t o  t h e  DISSECTOR  SCAN MONITOR scope s o  t h a t  t h e  p o s i t i o n  o f  
t h e  raster and al ignment  scanning spots  and the ampli tude of  the t ilt  scan  
c i r c l e  c a n  be v isua l ly  moni tored .  
1 1  
2 2  
CONCLUSIONS 
An Active Optics control system has been designed and cons t ruc ted ,  and 
i n i t i a l  t e s t s  h a v e  d e m o n s t r a t e d  t h a t  it has  achieved an accuracy of  control  of  
t h e  f i g u r e  o f  a 30- inch-d iameter  th in  mir ror  to  be t . te r  than  1 /50  wavelength  rms 
at  visible  wavelengths.   This  exceeds  the  1/20-wavelength  design  goal s e t  f o r  
th i s  exper iment  and meets the requirement of 1/50 wavelength commonly c i t e d .  as 
the  des ign  goa l  fo r  a "d i f f rac t ion- l imi ted"  sys tem.  
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Analysis of the  cont ro l  sys tem response  and  exper imenta l  ver i f ica t ion  of  
_he  ana ly t i ca l  p red ic t ions  ind ica t e  tha t  t he  t echn iques  used  in  the  p re sen t  
; y s t em can  be  app l i ed  success fu l ly  to  the  ac t ive  con t ro l  o f  much l a r g e r  p r i -  
na ry  mi r ro r s  t o  ob ta in  d i f f r ac t ion - l imi t ed  pe r fo rmance .  
The Perkin-Elmer Corporation, 
Norwalk, Connecticut,  February 13, 1970 
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